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I*  COSMIC  RADIATION 
A.  INDIA  EXPEDITION 


During  the  entire  period  oovered  by  this  report,  an 
extensive  program  of  Investigations  of  the  properties  of 
the  oosmio  radiation  In  the  upper  atmosphere  at  latitudes 
near  the  geomagnetic  equator  has  been  conducted  success- 
fully* A total  of  29  balloon  flights  were  released  In 
India,  14  at  Ban galore  ( geemagnetio  latitude  5^  N)  and 
15  at  Aligarh  (geomagnetic  latitude  18°  N) . 

The  experiments  Involved  three  different  types  of 
Instrument  whioh  are  arbitrarily  designated  as  A,  B,  and 
C.  Types  A and  B comprise  quadruple  coincidence  counter 
trains  with  different  geometrical  arrangements.  These 
were  utilised  essentially  to  obtain,  as  a function  of  at- 
mospheric depth,  measurements  of  the  Intensity  of  those 
oosmio -ray  particles  at  very  hlsh  altitudes  having  a 
minimum  residual  range  defined  by  sevsral  different  thick- 
nesses of  interposed  absorber  (4  cm,  7*5  cm-  18  cs  of  lead)* 
Type  06  «hich  consists  of  a coincidence  const  or  trails  con- 
taining an  interposed  high  praasore  ionisation  chamber, 
was  designed  to  provide  information  regarding  primary  alpha- 
particles-  iiio  various  individual  experiments  will  be  des- 
eri'bsd  la  50m©?»is.t  greater  detail  la  separate  sections 


subsequently,  although  It  is  emphasised  at  the  outset 
that  moot  of  the  final  conclusions  must  await  the  com- 
pletion of  detailed  analyses  whloh  axe  at  present  in  pro= 

gross. 

The  cooperation  of  several  Institutions  and  Organisations 
rendered  feasible  the  performance  of  these  experiments  in 
India.  The  development  and  construction  of  the  instruments, 
and  the  acquisition  since  the  inoeption  of  this  balloon- 
flight  program  at  the  Bartol  Research  Foundation  of  tbs 
considerable  amount  of  equipment  and  supplies  which  it  was 
neoessary  to  ship  to  India,  were  made  possible  by  the  sup- 
port of  the  Office  of  Naval  Research  through  Contract  N6ori-144 
The  India  Expedition  was  sponsored  by  the  Rational  Geographic 
Society,  under  whose  generous  auspice e all  our  previous  field 
trips  have  been  conducted-,  The  home  base  for  the  operations 
in  India  was  at  Muslim  University,  Aligarh,  Uttar  Pradesh, 
where  the  author  wa s privileged  to  occupy  the  post  of 
Visiting  Professor  under  the  Pulferight  Progra&i*  The  rather 
considerable  assistance  which  was  required  to  carry  out  this 
w>rlc  was  provided  by  graduate  students  of  the  Physios  Depart- 
ment 3 of  which  Professor  P.  S.  Gill  13  chairman.  The  parti- 
cipation by  the  University,  and  the  great  interest  of  the 
Vice  Chancellor,  Dr.  Zakir  Hussain,  are  gratefully  a eke  fledged 
The  flights  at  Bangalore  were  conducted  at  the  Indian  Institute 
of  Science,  tfoere  facilities  and  assistance  were  kindly  fur- 
nished by  the  Physios  Department,  of  which  Itofessor  R»  S. 
Krishnan  is  Chairman.  Various  arrangements  were  made  by 


• w 


■the  United  States  Educational  Foundation  in  India  of 
which  Dr*  Olive  I*  Reddick  is  Executive  Secretary*  Ap- 
preciation is  hereby  expressed  to  all  of  the  above,  as 
well  as  to  the  many  individuals,  too  numerous  to  mention, 
from  sweepers  on  up,  who  helped  in  one  way  or  another* 

1.)  A PLIGHTS 

a)  Description  of  Apparatus. 

The  type  A instruments  have  previously  been  described 

1)  2) 
in  detail  • numerous  measurements  had  already  been 

^ Ho  A*  Pomerants,  Eleotronios  24,  SG  (1951)* 

2) 

M.  A.  Pomerants  and  G.  W.  MoOiure,  Phys*  Rev.  86,  556 
(1952)o  This  article  contains  references  to  earlier 

publications ? 

obtained  with  this  standard  apparatus  at  Sws.rthscsr© , ffee 
( geossisnetic  latitude  52°  N)  and  Churchill,  Manitoba  ( geo- 
magnetlo  latitude  69°  R)»  The  advantages  of  making  observa- 
tions at  low  latitudes  with  identical  instruments,  the  re- 
liability of  which  are  Injured  by  long  experience  with  their 
operation,  are  obvious  * The  solo  change  introduced  into 
this  series  of  instruments  was  the  substitution  of  & storage 
battery  power -supply  in  plao*  of  the  dry  batteries  utilised 
previously*  This  proved  to  be  a tremendous  advantage  la 
view  of  the  particular  conditions  hhioh  were  “"-wintered  in 


the  field  and  the  difficulties  which  would  have  otherwise 
arisen  in  attempting  to  maintain  an  adequate  supply  of 
dependable  dry  cells.  A detailed  description  of  the  various 
pre-flight  preparations  and  tests  of  eaoh  instrument  will 
be  omitted v However,  it  is  worth  mentioning  that  eaoh  com- 
pleted instrument  was  carefully  tested  immediately  prior  to 
flight  far  any  indication  of  high  voltage  break-down  or 
corona  discharge  in  a plastic  vacuum  chamber  specially  con- 
structed for  this  purpose* 

Information  regarding  atmospheric  pressure,  temperature 
within  the  gondola,  and  oosmic-ray  counts  were  transmitted 
by  radio,  as  in  the  past* 

b)  Results . 

Intensity  vs.  Altitude  curves  were  obtained  with  verti- 
cal coincidence  counter  trains  of  type  A containing  4*0  cm 
of  Fb  and  7*5  cm  of  Fb,  respectively 0 Data  recorded  in 
separate  flights  were  in  satisfactory  agreement*  Ihe 
composite  results,  obtained  by  combining  all  of  the  data 
recorded  in  a specif io  altitude  Interval  during  both  ascent 
and  descent  of  the  several  individual  instruments,  are  plotted 
in  Figures  1 and  2*  Measurements  of  the  intensity  in  the 
hortaoatal  direct ion  were  else  obtained  with  type  A instru- 
ments containing  7*5  om  of  Pbo 

Inasmuch  as  the  analysis  is  now  in  progress,  some  of 
the  interesting  aspects  will  be  only  briefly  mentioned,  and 


Figure  1 . Combined  dots  obtained  in  Indio  Figure  4a  a.  M.  counter -ionisation  chamber 

with  co  Incidence -counter  train  containing  coincidence  train  for  determination  of  alpha- 

4.0  cm  of  Pb.  particle  flux. 
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Figure  2.  Combined  data  obtained  in  India 
with  coincidence -counter  train  containing 
7.5  cm  of  Pb. 


Figure  4b  block  diagram  showing  arrangement 
of  circuits  associated  with  counter-ion  chamber 
coincidence  train. 
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Figure  3.  Combined  date  obtained  In  India 
with  coincidence -counter  train  containing 
17.7  esa  of  N>. 


Figure  5.  Diagram  of  hlgh-premure  ionization 

che«bsr. 
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a detailed  disoussion  of  the  implications  will  be  postpones* 

The  most  striking  result  which  is  immediately  apparent  in 
Figures  1 and  2 concerns  the  rather  pronounced  latitude  ef- 
fect which  ocours  between  18°  N and  3°  N.  Vextioal  coinci  = 

•k  ) 

denoo  measurements  made  by  Neher  and  Pickering  in  1939-40 

1 

H.  V*  Neher  and  W.  H.  Pickering,  Ptoys.  Rev*  61,  407  (1942) 

had  indicated  no  difference  between  the  curves  at  3°  N and 
17°  U,  and  this  was  regarded  as  direct  evidence  fear  a banded 
structure  in  the  primary  cosmic -ray  spectrum  as  predicted  by 
the  atom-annihilation  hypothesis  for  ths  origin  of  oosmic 
rays  proposed  by  Millikan,  Neher  and  Pickering*  ^ * The  present 

4 ) 

R.  A.  Millikan,  H.  V*  Neher,  and  N*  H*  Pickering, 

Phys.  Rev*  61,  397  (1942) 

results  are  clearly  not  in  accord  with  this  conclusion,  but 
reveal  a distinct  change  of  intensity  with  latitude  throughout 
the  upper  portion  of  the  atmosphere*  Extrapolation  of  thf* 
curves  in  Figures  1 and  2 to  the  "top  of  the  atmosphere" 
indicates  that  the  primary  intensity  incident  in  the  vertical 
direction  at  Aligarh  is,  in  faot,  about  43  per  oent  greater 
than  the  intensity  at  Bangalore*  Independent  evldenoe  for 
this  change  with  latitude  has  also  been  obtained  simultaneously 
by  the  group  at  the  Tata  Institute^ Insofar  as  their 

q \ 

"A.  S n Rao,  V.  K.  Baiasubrohmanyam,  G*  S*  Gckhale  and 
A.  N.  Pereira,  Phys.  Rev.  91,  764  (1953)* 


I 


c 


( ' 


XH> 


measurements  are  comparable  with  ours,  the  results  are  in 
good  general  agreement. 

/■*  ' 

The  experiments  performed  by  Winokler  et  al°  * over  a 

mmem — ■ — o-w — — — i— — rnmm — — h— — t— >—— — — — — — M— — 

J,  R.  Winokler,  T.  Stir,  K.  Dwight,  and  R.  Sabin, 

Rhys.  Rev.  7§,  656  (1950). 

similar  range  of  latitudes,  but  at  different  longitudes, 
yielded  a somewhat  smaller  latitude  effect.  Table  I sum- 
marises the  pertinent  data  regarding  absolute  particle- 
intensity  and  latitude-ratios  as  determined  by  different 
observers.  It  Is  of  Interest  to  note  that  the  measurements 
within  the  atmosphere  -over  India  differ  from  those  In  the 
Western  Hemisphere  In  a sense  which  is  opposite  to  that 
which  would  be  expected  in  view  of  the  longitude  effect 
introduced  by  the  eooentrlolty  of  the  dipole.  As  a con- 
sequence of  this  effect,  the  minimum  momentum  required  for 
a primary  to  reach  the  earth  In  a given  direction  at  the 
equator  is  presumably  higher  in  the  Eastern  Hemisphere  than 
in  the  Western  Hemisphere.  Inasmuch  as  the  total  unidirectional 
intensity  which  reaches  a given  point  decreases  as  the  lowest 
permitted  energy  is  raised,  the  absolute  intensity  in  India 
might  be  expeoted  to  be  lower  than  that  at  the  same  geo- 
magnetic latitude  in  the  Western  Hemisphere.  However,  when 
a reasonable  estimate  is  made  o 2 the  intensity  at  the  "top 
of  the  atmosphere"  on  the  basis  of  the  published  experimental 
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curves , the  apparent  discrepancies  are  considerably  re- 
duced. The  various  values  for  the  primary  flux  near  the 
geomagnetic  equator  are  then  In  aooord  at  least  with 
qualitative  expectations  involving  the  influence  of  the 
eooentrloity  of  the  dipole*  However,  the  differences  at 
18°  have  not  yet  been  resolved  by  similar  considerations, 
and  evidently  represent  a real  effeot* 

The  region  about  geomagnetio  latitude  18°  is  character- 
ised by  a great  uncertainty  regarding  the  contribution  of 

7 ) 

the  penumbral  region*  The  statement  is  usually  mads  that 
7 ) 

Mw  S.  Vallarta,  Pfays.  Rev.  1837  (1948) 


the  penumbral  region  is  practically  dark  at  latitudes  below 
about  15°,  eo  that  the  main  cone  which  determines  the  energy 
limit  above  riiloh  all  energies  are  allowed  by  the  earth's 
magnetic  fields  is  practically  the  total  allowed  cone. 
Between  15°  and  35°,  the  allowed  and  forbidden  regions  of 
the  penumbra  are  presumed  to  be  of  equal  importance , but 
quantitative  predictions  are  exceedingly  difficult  to  pro- 
pound* Detailed  investigation  has  indicated  that  at  20° 
the  main  cone  is  still  quite  important  in  that  only  energies 
higher  than  that  corresponding  tc  it  can  actually  arrive  in 
a vertical  direction.  At  latitudes  higher  than  35°,  the 
limit  is  praotlcally  defined  by  the  Stormer  plus  shadow  ocne, 
which  determine  the  least  energy  which  a particle  must 
possess  tc  be  allowed  by  the  earth's  magnetic  field*  It 


is  not  possible  to  predict  the  contribution  of  the  penunbral 

region  to  the  oosmio^ray  intensity  measured  at  18°«  However, 

8 ) 

it  1?  not  expeoted  to  be  appreciable  0 
8) 

M.  So  Yallarta,  private  communication. 

The  sole  available  method  for  directly  determining  the 
energy  distribution  of  the  primary  ooamio-raya  in  the  field- 
sensitive  band  involves  the  measurement  of  the  primary  in- 
tensity at  various  latitudes,,  and  the  assignment  by  geo- 
magnetic theory  of  a minimum  entrance  energy  (which,  for  the 
vertical  direction,  is  independent  of  Idle  sign  of  charge,  but 
does  depend  upon  the  Z and  A of  the  particles ) on  the  basis 
of  either  the  Stormer  plus  shadow  oone  or  the  main  cone.  It 
had  been  customary  to  express  the  relationship  between 
partiolo  intensity  and  energy  as  an  empirical  power  law, 
simple  in  some  instances,  and  rather  complicated  in  others. 
Actually,  the  data  available  in  the  particular  latitude 
range  which  has  been  investigated  here  was  quite  limited, 
and  on  a logarithmic  plot,  the  various  suggested  laws  appear 
to  fit  the  previously  available  experimental  points  more  or 
leaao  Our  results  indicate  that  in  a simple  power  law 
representation  of  the  form 
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tha  minimum  value  of  the  exponent  1b  1.6  correspond- 
ing to  the  minimum  admit tanoe  energy  of  11  *2  Eev  for  proton* 
at  18°  defined  by  the  St'Armar  plua  shadow  nones,  and  the 
maximum  value  la  3*7,  corresponding  to  the  admittanoe  energy 
of  12*5  Bev  for  protons  at  15°  defined  by  the  main  cone* 

If  past  practice  Is  followed,  and  the  contribution  by  the 
penumbra  Is  regarded  as  negligible,  the  upper  licit  applies* 
Sven  if  the  lower  value  of  V were  assumed  to  be  the  correct 
one,  this  is  considerably  higher  than  the  average  value  of 
V * 1*1  as  determined  in  the  region  of  lower  energies  from 
our  measurements  at  52°  H and  3°  Thus,  there  appears  to 
be  a departure  from  the  assumed  simple  power*  law,  and  these 
experiments  may  indicate  the  presence  of  a considerable 
flux  of  particles  having  energies  less  than  that  defined 
by  the  main  cone 

Detailed  considerations  of  the  effects  of  the  eooen- 
trio  it  v of  the  dipole  may  partially  account  for  these 
results,  but  it  appears  that  either  a departure  traa  the 
simple  power-law  spectrum  or  a contribution  from  trapped 
orbits  (including  albedo)  will  still  be  Indloatedo 

There  are  various  other  interesting  aspects  of  the 
data  obtained  in  India*  For  example,  it  is  observed 
(Figures  1.  2 and  3)  that  for  all  thicknesses  of  interposed 
absorber,  the  intensity  vs*  altitude  carves  obtained  *t 
low  latitudes  exhibit  a maximum  within  the  atmosphere, 
whores 8 at  52°  this  maximum  disappears  when  the  thickness 
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b)  Results. 

figure  M*s  plot  of  the  data  obtained  at  the  two 
stations  in  India « The  oaxlmua  in  the  intensity  vs* 
altitude  curves  is  quite  pronoun oed,  as  is  the  variation 
with  latitude  between  18°  H and  3°  Be 

The  mean  free  path  of  the  primary  radiation  does  not 
change  when  the  minimum  energy  of  the  inoldent  protons 
changes  from  1*3  Bev  to  13*8  Bev.  The  present  measure- 
ments yield  a value  for  the  absorption  thickness  in  lead 
of  about  290  g/cm*  at  52°  Jff-  18°  and  3°  B. 

3*)  0 flights 

a)  Description  of  Apparatus. 

Figure  4 is  a schematic  diagram  of  the  type  0 appara- 
tus* The  four  G*  a*  counters  define  the  solid  angle  within 
which  a oosmlo-ray  particle  must  travel  in  order  to  register* 
Interposed  within  the  counter  train  is  the  high-pressure 
ionisation  ohamber  beneath  which  is  4 cm  of  lead*  Thus,  a 
particle  whloh  oa^  actuate  all  of  the  counters  vmmt  be  of 
relativistic  Telocity,  i*e*  it  produces  ionisation  at 
pracrtloally  its  minimum  rate,  when  it  passes  through  the 
ionisation  chamber*  Singly -charged  partiolss  ( electrons  s 
mesons,  protons)  whloh  discharge  all  four  counters  produce 
a pulse  of  magnitude  1 1^,,*  Owing  to  the  statistl^l  fluc- 
tuations in  the  total  number  of  ions  produced  in  the  ohwnber 
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by  a given  particle  (landau  spread)  and  beoause  of  the 
variation  in  the  path-length  in  the  chamber  owing  to  the 
finite  dimensions  of  the  oounrter  train,  there  is  a spread 
in  the  pulse  heights  associated  with  a partiole  of 
specified  Z,  but  the  shapes  of  the  distributions  are  suoh 
that  essentially  no  protons  and  all  alpha  particles  give 
xi.ee  to  an  amount  of  ionisation  exceeding  3 then 

tits  apparatus  is  biased  so  that  ooiaoidenoee  are  produced 
only  by  partioles  whioh  give  rise  to  a pulse  greater  then 
3 in  the  ionisation  chamber,  in  principle  it  counts 
only  test  particles  of  Z >2,  which  are  predominantly 
primary  helium  nuclei*  There  axe  various  other  types  of 
event  ehioh  oan  actuate  this  apparatus,  and  these  factors 
most  osrtainly  be  taken  Into  account*  The  prlnoipal  sources 
of  spurious  counts  are  nuolsar  interactions  produced  in  the 
lead  block  by  inoldent  protons*  Secondaries  whioh  travel 
upward  Into  the  ionisation  chamber  oan  produce  a pulse  ex- 
ceeding 3 Certain  pertinent  information  obtained  in 

the  Galapagos  Expedition  by  Dr.  O.  W.  koOlnrc,  in  oollabare- 
tlan  with  whom  the  present  experiments  wore  performed „ will 
be  of  great  benefit  in  the  analysis  of  the  data  obtained  in 
India. 

A diagram  of  the  ionisation  ohambsr  is  sheen  In  rigors  5* 
The  chamber  is  filled  with  pure  argon  at  a pressure  of  300 
pounds  per  square  lnoh*  Electron  collection  is  employed. 


During  the  ground -run  of  each  G«f light  instrument,  an 
integral  pulse-height  distribution  curve  characteristic  of 
the  cosmic  rays  near  sea  level  was  obtained  in  a series  of 
runs  with  various  bias  settings*  This  served  to  cheek  the 
operation  of  the  instrument,  and  yielded  a calibration  curve 
for  setting  the  bias  to  correspond  to  pulses  of  Ionisation 
exceeding  3 1^^.  An  additional  obaok  was  provided  by  the 
pulses  produced  by  Bo-  c\  particles  emitted  from  the  probe- 
source  which,  as  described  earlier,  can  be  turned  "on  or 
off"  by  tbs  application  of  appropriate  voltages « The 
selected  bias  equivalent  to  3 1^^  corresponds  to  about 
•IB  Bo-alpha. 

Sty  means  of  a pres  sure -actuated  switching  arrangement, 
the  total  counting  xate  due  to  all  particles  passing  through 
the  counter  train  regardless  of  the  specific  ionisation  was 
measured  alternatively  jin  the  upper  atmosphere  daring  some 
of  the  flights.  The  intensity  of  particles  capable  of 
penetrating  the  same  thickness  of  interposed  absorber  ms 
also  measured  by  the  type  A instruments  containing  4.0  od 
of  Pb  (Figure  1)  and  the  data  confirmed  the  particular 
normalisation  procedure  based  upon  geometrical  considerations 
whioh  was  invoked  to  utilise  the  A -flight  data  In  the  inter- 
pretation of  the  results  obtained  with  the  0-flights. 
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b)  Results* 

The  desired  data  were  obtained  at  both  18°  H and  3°  Hf 

but  are  not  presented  herewith  pending  the  completion  of 

the  analysis  which  is  required  for  an  adequate  discussion 

of  their  significance*  Preliminary  analysis  has  indicated 

that  at  the  equator  alpha -part  ides  constitute  at  least  30£ 

of  the  incident  primary  intensity*  The  method  permits  the 

determination  of  upper  and  lower  limits*  However,  it  is 

interesting  to  note  that  the  lower  limit  at  the  equator  la 

considerably  higher  than  that  r&ioh  has  been  indicated  by 

12) 

observations  involving  photographic  emulsions  at  hlguxr 
12  > 

0.  Goldffcrb,  H.  L.  Bradt,  and  B*  Peters,  ?hya*  Rev* 
Itoya.  Rev.  751  (1950), 

latitudes*  Furthermore,  the  present  results  are  not  in 

a o cord  with  those  of  the  only  published  previous  attempt  to 

derive  information  regarding  the  alpha-partioles  at  the 

13) 

geomagnetlo  equator  * 

S*  F*  Singer,  Fhys.  Rev*  80,  47  (1950)* 


T 


1-15 

B.  PHOTOGRAPHIC  PLATE  EXPOSURES 

11  1111  I ■— — — MWWMWW— — W— — 

A program  for  studying  the  distribution  in  mass  of 

/ 

heavy  primary  nuclei  of  the  Cosmic  Radiation  ms  outlined 

in  the  Second  Annual  Report « An  expedition  similar  to 

that  described  in  the  report  ms  made  during  last  summer 

to  the  region  of  the  geomagnetic  pole.  It  ms  decided  by 

the  naval  personnel  oonoemed  that  only  one  flight  should 

be  attempted,  and  that  emphasis  should  be  placed  on  waiting 

for  favorable  conditions  for  launching  and  assurance  of 

recovery.  Thus,  it  was  intended  that  a small  number  of 

emulsion  packets,  comprising  the  major  portion  of  the 

balloon-load,  might  be  successfully  flosm  and  recovered  In 

% 

the  vicinity  of  the  geomagnetic  pole.  Two  packets,  each 
containing  thick  electron-sensitive  emulsions  on  glass 
backings  were  prepared  as  described  In  the  last  report  and 
delivered  to  the  USS  Staten  Island  in  Boston  last  July.  In 
September  we  were  informed  by  the  director  of  the  project 
that  wind  conditions  were  too  unfavorable  at  launching  op- 
portunities available  In  the  scheduled  operations  of  the 
oiitiio  task  force,  and  the  balloon  ms  not  flown.  One 
packet  ms  returned  to  us  and  is  being  used  for  tests  in 
processing  techniques,  since  background  of  radiation  ac- 
cumulated at  sea  level  prohibits  vise  of  the  plates  on  sub- 
sequent flights. 


O 
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A second  «et  of  plates  was  aunt  with  Hr.  MeOlure  an 
the  expedition  to  tho  geooegnetlo  equator  deearibed 
elsewhere  In  this  report.  The  particular  advantage  of  ob- 
taining a high  altitude  flight  at  the  equator  Is  apparent 
frees  the  feet  that  In  no  oase  will  a heavy  primary  nucleus 
penetrate  the  earth  j nagnetlo  field  If  Its  energy  la  lees 
than  10  Bev/ouoleon  at  this  latitude.  A partlole  having 
an  energy  greater  than  3*3  Bev/haoleon  will  have  a specific 

energy-loss  In  nuclear  emulsion  which  Is  essentially  in- 

2' 

dependent  of  velocity,  and  proportional  to  Z . where  Z is 
the  atomic  number.  Measurement  of  the  linear  density  of 
^ -ray  production  along  the  trajectory  of  a partlole 
traversing  the  emulsion  will  thus  give  a direct  measure  of 
the  charge  and  henoe  the  mass  of  the  p&rtlole. 

Each  of  the  two  packets  sent  on  this  expedition  were 
flown,  but  In  both  oases  the  balloon  failed  to  reach  the 
minimum  altitude  required  to  obtain  an  appreciable  flux  of 
heavy  primaries. 


0.  IONIZATION  SPECTRUM  OF  THE  PRIMARY 
OOSMIQ  RADIATION  AT  - 10°  H 

Experiments  deeoribed  elsewhere  la  this  report  have 
been  performed  at  several  latitudes  ( *X  ■ 3°  H,  18°  N and 
52°  V)  with  a balloon-borne  instrument  designed  to  measure 
the  intensity  of  the  -partlole  component  of  the  primary 
ooamlo  radiation*  This  instrument  utilises  a G-M  oounter 
train  with  an  interposed  ionisation  obamber  which  is  biased 
to  respond  only  to  those  particle a whose  epeolflo  ionisation 
is  greater  than  3 IQ*  (Throughout  this  note  XQ  refers  to  the 
minimum  ionisation  of  a singly-charged  particle*)  An  instru- 
ment of  this  type  counts  -particles  — whose  minimum  ionisa- 
tion is  4 I — and  heavier  nuclei  with  nearly  100  per  oent 
o 

efficiency  and  exclude e protons  and  other  singly-charged 
particles  with  the  exoeption  oft  1)  a certain  calculable 
fraction  of  the  latter  which  can  produce  pulses  )>  3 I0  by 
large  statistical  fluctuations  in  ionisation,  and  2)  an 
unknown  fraction  whioh  might  produce  ionisation  greater  than 
3 IQ  by  undergoing  nuclear  interactions  in  the  telescope* 

The  most  pessimlstlo  estimate  of  the  contribution  of  effeot  (2) 
— calculated  on  the  basis  of  geometrical  cross  sections  for 
proton  collisions  in  the  teleeoope  material  — showed  that 
protons  might  be  responsible  far  a substantial  fraction  ccf 
the  counted  events,  and  that  the  instrument  might  therefore 
give  an  erroneously  large  indication  of  the  intensity  of 
partioles  with  Z > 2* 


In  order  to  investigate  the  production  of  local  chowers* 
a modified  instrument  with  a shower  detector  and  a special 
re o order  for  obtaining  a oomplate  ionisation  spectrum  was  con* 
struoted • This  instrument  and  the  results  obtained  with  it  in 
a recent  flight  atX  " 10°  N geomagnetic  latitude  are  described 
herewith. 

Apparatus 

A diagram  of  the  modified  counter  telesoope  is  shown  In 
Fig.  1.  The  telescope  is  essentially  the  same  as  those  used 
in  the  earlier  experiments  except  that  the  over-all  length  is 
slightly  increased  and  a shower  detector,  S,  oomposed  of  seven 
small  tt-H  counters,  is  inserted  directly  below  the  ionisation 
chamber.  A cathode -ray  tube  osoillosoope  and  recording  camera 
built  into  the  air-borne  gondola  record  each  ionisation  chamber 
pulse  associated  with  the  quadruple  coincidence  C^O^C^C^.  When 
less  than  two  of  the  oountera  of  tray  S accompany  a telesoope 
event  "the  associated  ion  chamber  pulse  appears  on  a 

5 On  8«o.  time-base  giving  a oomplate  display  of  the  shape  as 
well  as  the  amplitude  of  the  pulse.  When  two  or  mare  counters 
of  tray  S are  discharged  simultaneously  with  the  main  telesoope 
dlsoharga,  the  osoillosoope  sweep  circuit  is  rendered  inoperative 
but  the  sweep-intensifier  oircuit  operates  in  the  normal  way  so 
that  the  ion  chamber  pulse  appears  as  a vertical  trace  with  no 
horizontal  extension.  Events  of  this  second  type  are  designated 
as  shower  events,  and  are  easily  identified  as  such  on  the  film 
record  by  the  distinctive  appearance  of  the  pulses. 


( 


Fig.  1 . Instrument  for  determining  the  specific  ionization  af  cosmic  ravt. 
C|C2C3Cz  - G-M  counters,  I -Ionization  c Somber,  S-shav.-er  counters, 

A -4  cm  Pb  absorber . 


( 


RELATIVE  PULSE  MtHWT 


Fig.  2.  Differential  size  distribution  cf  lor.  chamber  pulses  accompanying 
quadruple  coincidences  ( Cl  C2C3C4).  Atmospheric  pressure:  12.5  mm  Kg. 
Time-.  255  min. , Total  counts:  1294 


1-19 


Tfas  4 cm  Pb  absorber  A stops  slow  protons  and  other  slngly- 
o barged  particles  whose  specific  Ionisations  are  greater  than 
2 Io  and  thus  prevents  suoh  partioles  from  contributing  (except 
by  large  ionisation  fluxuation)  to  the  realm  of  ionising 
events  )3  Ifl  which  is  "reserved"  foro^  -particle  and  heavy 
nucleus  events* 

A thermometer  registering  the  gondola  temperature  and  a 
mercury  manometer  which  registers  atmospherlo  pressures  in  the 
range  0 - 70  mm  Hg  were  photographed  at  five-minute  intervals 
throughout  the  flight*  In  the  lower  part  of  the  atmosphere, 
pressure  readings  were  obtained  by  means  of  a radiosonde  bexo- 
swltoh  whloh  operated  a flashing  light  so  as  to  mark  the  film 
record  at  known  pressure-intervals*  Another  flashing  light 
impressed  time -markers  upon  the  film  record  at  one -minute 
intervale. 

In  flight,  the  instrument  was  housed  in  an  air-tight  alumi- 
num sphere  oovered  with  two  pliofilm  bags*  T7ith  this  arrange- 
ment the  temperature  of  the  gondola  remained  above  10°  0 
during  a period  of  four  hours  at  90,000  feet* 

The  ionisation  chamber  has  an  effective  volume  measuring 
7 1/2"  X 2 1/2"  and  is  filled  with  argon  at  a pressure  of 
300  p.  a*  1*  A more  oocplate  description  of  the  chamber  to- 
gether with  a pulse -height  distribution  obtained  with  sea-level 
mesons  has  been  published  previously^* 


1) 


G«  W*  MoOlure,  Phys*  Rev*  87 0 680  (1952) 
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The  differential  pulse-height  distribution  obtained 

at  sea  level  ( X * 52°  N)  agrees  quite  well  with  a oal- 

oulated  distribution  based  on  the  known  meson  spectrum  and 

2 ) 

the  Landau -Sim on  theory  of  ionisation  fluctuations o 

2 ) 

See  e.g.  B.  Rossi,  "High  Energy  Btrtioles”,  Prentloe  Ball 
(1952) 


>erimental Results 


The  differential  pulse-hsight  distribution  obtained 
during  a 255  min.  level  flight  at  12.5  mm  Hg  ( X * 10°  H) 
is  shown  in  Fig.  2o  The  j&aded  blocks  represent  the  distri- 
bution of  shower -accompanied  pulses.  As  determined  by  sea- 
level  calibration,  the  peak  of  the  histogram  located  at 
h * 6 corresponds  closely  to  the  most  probable  ionisation 
Iq,  of  sea-level  mesons.  This  peak  can  therefore  be  roughly 
construed  as  representing  the  contribution  of  relatlvistlo 
singly-oharged  particles.  A disappointing  feature  of  the 
histogram  is  that  the  prlnoiple  peak  tails -off  muoh  more 
slowly  in  the  pulse-height  interval  h * 6 to  h * IS  — i.e. 

in  the  ionisation  range  I to  3 I — than  did  the  sea -level 

o o 

meson  distribution  ssd,  furthermore,  no  secondary  peak  re- 
presentative of  relativistio  He  nuclei  occurs  in  the  neighbor- 
hood of  h * 24  (4  I0>  had  been  anticipated. 

The  fraotion  of  the  reoorded  events  whioh  were  accom- 
panied by  a shower  indloatlon  is  0.34*  Because  of  the  close 
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proximity  of  the  shower  tray  S to  the  ionisation  chamber  and 
also  the  small  percentage  of  shower  events  in  the  neighbor- 
hood of  IQ  it  would  seem  that  an  appreciable  fraction  of  the 
shower  events  represent  instances  in  which  the  ion  chamber 
was  traversed  by  more  than  one  particle*  Considering  also 
the  fact  that  not  all  shower  events  are  detected,  it  becomes 
clear  that  the  pulse -height  distribution  must  be  interpreted 
with  oareful  allowance  for  possible  distortion  by  multiple - 
particle  ionising  events* 

As  the  path  length  through  the  material  above  the 
chamber  — including  its  upper  wall  — constitutes  only  a 
email  fraction  of  the  geometrical  mean  free  path  for  nuclear 
collisions  ( .052  for  protons ) one  cannot  explain  the  pre- 
pcndersnoe  of  sheerer  events  as  resulting  from  looal  nuclear 
interactions  above  the  chamber*  However,  if  one  Includes 
this  Fb  absorber  and  counter  walls  below  the  chamber,  one 
finds  that  the  total  nuclear  collision  probability  is  about 
0*32  for  protons  and  nearly  unity  far  -particles*  If  an 
allowance  is  made  for  the  maximum  probability  of  a shower 

indication  resulting  frat  electron  knock-on  production  in 
the  material  above  the  shower  tray#  the  "shower  fraction" 
is  reduced  from  0*34  to  0*29*  It  seems  likely  that  most  of 
the  remaining  shower  events  result  from  looal  nuolear  inter- 
actions in  the  tele  so  ope  material  and  not  to  any  substantial 
degree  from  external  air  showers,  far  experiments  with  out- 
of-line  counter  arrangements  have  shewn  that  air  showers  oan 
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aooount  for  only  a fait  par  oent  of  the  o aunts  reoordod 
with  ordinary  in-line  telescopes  of  tha  kind  uaad  here* 

The  olosa  agreement  between  observed  fraction  of 
shower-events  and  the  over-all  collision  probability  for 
protons  in  the  telescope  material  suggests  the  possible 
Interpretation  that  nearly  all  of  the  particles  counted  at 
12  mn  Eg  were  protons  and  that  oaoh  proton  oollision  in 
the  telesoope  gave  rise  to  a sufficient  number  of  secondaries 
to  produoe  a shower  indication*  This  interpretation  Implies 
that  nuclear  Interaction  in  the  Fb  have  a rather  high  yield 
of  secondaries  emerging  in  the  "backward*  (upward)  direction 
which  sire  capable  of  leaving  the  Fb  block* 

Although  the  data  do  not  admit  of  a very  thorough  analysis 
of  the  various  components  of  the  radiation,  some  rather  In- 
teresting conclusions  may  be  obtained  regarding  the  intensity 
of  extremely  relativistic,  singly -charged  particles  relative 
to  the  total.  In  this  connection  we  have  computed  the  dis- 
tribution of  specifics  ionisations  (including  fluctuations) 

,1.S 

of  protons  with  an  Integral  energy-speotrum  of  tha  farm  E J 
with  a low  energy  out -off  of  14  Mev  (the  vertical  geomagnetic 
out-off  energy  at  X * 10°).  When  the  computed  distribution 
is  plotted  on  the  histogram  so  that  its  peak  falls  at  roughly 
the  same  position  as  the  maximum  of  the  histogram  (pulse- 
height  h » 6)  it  is  found  that  about  5 per  oent  of  the  area 
of  the  cur0*  lies  above  h * 12.  One  may  therefore  take  the 
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number  of  events  below  h ■ 12  in  the  histogram  ss  ti 
maximum  number  of  events  produced,  by  the  protons  In 
question  exoept  for 
1) 

2) 

3) 


When  the  above  corrections  — ell  of  which  arc  cults  conser- 
vative — are  made  to  the  number  of  events  4 2 I.  It  is 
found  that  protons  of  the  assumed  energy  spectrum  can  con- 
tribute at  most  83  per  oent  of  the  total  intensity  at  12  mm  Hg. 

Prom  data  obtained  during  the  ascent  of  the  flight B 
counting  rate  vs.  altitude  ourves  have  been  obtained  fear 
ionising  event 8 smaller  than  2 IQ  and  for  the  total  intensity. 
Extrapolation  of  these  ourves  to  sero  pressure  indicates  that 
relativistic  protons  oomprise  a smaller  fraction  of  the  total 
intensity  at  the  "top  of  the  atmosphere"  than  at  12  mm  Hg. 

The  most  conservative  estimate  of  this  fraction,  gotten  by 
making  a liberal  allowance  for  statistical  uncertainties  of 
the  point b upon  whioh  the  extrapolations  depend,  indicates 


A 3 per  oent  correction  for  large  ionisation 
fluctuations. 

A 7 per  cent  correction  for  pulses  rendered  larger 
than  2 IQ  by  knook-on  electron  production  in 
tbs  chamber  walls. 

A 32  per  oent  correction  to  allow  for  the  possibility 
that  every  ray  which  suffered  a nuclear  coll 


in  the  telescope  material  above  or  below  the 
chamber  gave  rise  to  a pulse  *>  2 IQ. 
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that  high  energy  protons  contribute  less  than  75  per  oent 
of  the  total  primary  Intensity. 

Any  attempt  to  estimate  the  -particle  contribution 
to  the  observed  pulse-height  distribution  is  subject  to 
rather  grave  uncertainties.  At  12.5  mm  Hg  about  40  per  cent 
of  the  ionising  events  are  larger  than  3 IQ  which  means  that 
not  more  than  40  per  oent  of  the  radiation  can  be  attributed 
to  -particles.  If  one  subtracts  the  maximum  possible  con- 
tribution from  inroton-lnduoed  nuolear  disintegrations  and 
ether  effeots  wliioh  might  cause  singly-oharged  partloles  to 
yield  excessively  large  pulses,  there  remain  about  1/4  of 
the  events  >3  I.  (at  12  nm  Eg)  which  must  be  attributed 
either  to  partloles  with  Z ^ 2 or  to  some  farm  of  highly 
ionising  event  not  accounted  for. 

The  present  results  indicate  that  if  a good  -flux 
measurement  is  to  be  obtained  by  the  ionisation  chamber 
method,  it  la  at  least  necessary  to  looate  any  large  absorber 
at  a considerable  distance  from  the  chamber  so  as  to  reduoe 
the  complication  introduced  by  local  nuclear  disintegrations. 
It  is  probably  unwise  to  completely  eliminate  the  absorber 
beoausa  of  the  possibility  of  interference  by  low-energy 
singly-charged  partloles. 
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Ho  NUCLEAR  PHYSIOS 

A*  THE  LARGE  VAN  LE  GRAAFP  GENERATOR. 

Following  extensive  tests  performed  on  the  large 
Bartol  generator  built  to  one -third  of  its  final  contem- 
plated height,  the  oomplete  machine  was  assembled  daring 
November  of  1952.  Initially,  the  machine  was  assembled 
without  the  aooeleratlng  tube  In  order  to  oheok  the  electro- 
static behavior.  Approximately  6 Mv  was  obtained  at  129  pel 
pressure  with  tank  sparks  the  limitation.  Efforts  to  go  to 
higher  voltages  with  increased,  pressure  were  limited  by 
failure  in  getting  charge  from  the  needles  to  the  belt. 

Just  recently  efforts  have  been  made  to  Improve  this 
situation  but  at  that  time  we  went  ahead  with  Installation 
of  -the  accelerating  tube. 

The  tube  oonslsts  of  three  sections  as  described  in 
previous  reports.  Two  sets  of  baffles  were  placed  In  each 
tube  section,  thus  separating  the  tube  into  six  ssotions 
for  suppression  of  return  electrons. 

The  generator  operated  very  satisfactorily  at  5 Mv 
without  any  beam  — with  the  beam  the  conditions  whereby 
9 Mv  oould  be  obtained  resulted  In  a very  weak  beam.  It 
was  observed  that  the  beam  was  striking  one  or  more  of  the 
baffles,  thereby  upsetting  the  voltage  distribution  on  the 
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maohine.  From  2 to  3 Mevs  however,  15  pa  of  beam  were 
available  after  magnet lo  analysis . Suapeotlng  that  stray 
beam  might  be  the  cause  of  the  limitation,  a flat  baffle 
with  a 5/16  Inoh  diameter  hole  was  Inserted  Just  under  the 
focusing  electrodes  of  the  Ion  source*  This  resulted  In  a 
beam  of  only  about  1 pa  at  the  lower  voltages  but  Improved 
the  Intensity  at  higher  voltages*  The  hole  was  then  opened 
to  1/2  lnoh,  resulting  In  about  3 pa  at  the  lower  voltages 
and  about  0*5  pa  at  5 Mev*  As  a result  of  these  tests  it 
became  apparent  that  defooualng  of  the  beam  on  entering  the 
aooeleratlng  tube  might  be  the  difficulty*  Consequently, 
a conical  baffle  with  a 1/il  Inch  hole  was  put  in  plaoe  of 
the  flat  baffle*  Aa  a result  up  to  about  4 pa  have  been 
obtained  at  a voltage  of  4 Mev*  Charging  difficulties  have 
made  it  Impossible  to  achieve  higher  voltages. 

As  it  may  be  recalled,  50  pa  of  unana lysed  beam  were  ob- 
tained in  the  one-third  height  test  section.  This,  however, 
was  cbtainad  without  the  baffles  in  the  tube.  When  the 
baffles  were  installed  the  current  was  greatly  reduced . At 
that  time  the  difficulty  was  attributed  to  improper  operation 
of  the  ion  source*  Although  this  was  in  part  true,  it  ap- 
parently was  not  the  oomplete  cause* 

Several  attempts  have  been  made  to  improve  the  charging 
situation*  More  reoently  we  installed  a wire  mesh  in  plaoe 
of  phonograph  needles  with  very  poor  results*  Attempts  to 
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wipe  the  charge  on  to  the  belt  *ere  unsuccessful  in  that 
the  wire  mesh  used  for  this  purpose  broke  up  when  in  oon- 
taot  with  the  belt.  Sinoe  we  have  a ootton  belt  whioh  is 
quite  rough,  any  further  attempts  with  a mesh  seem  impracti- 
cable unless  the  belt  is  changed.  We  will  next  attempt  use 
of  several  rows  of  needles.  If  this  fails,  we  might  try 
charging  on  both  sides  of  the  belt. 

Some  difficulty  ts:  encountered  in  proper  stabilisation 
of  the  generator  voltage  originally,  but  this  has  been  re- 
cently improved  greatly.  Stabilisation  is  accomplished  in 
the  standard  way  by  talcing  a D.  C.  signal  from  the  slits  at 
the  output  fooal  point  of  the  analysing  magnet.  This  is  In 
turn  amplified  and  made  to  control  the  grid  of  a triode 
controlling  the  corona  from  a set  of  needles  facing  the 
central  eleotrode.  Originally  a relatively  low  voltage 
tube  was  used.  It  was  found  that  varying  the  impedance  of 
this  tube  had  very  little  effect  on  the  corona  current.  At 
present  we  are  ssing  the  RCA-5890  oathode-ray  tube  whioh 
allows  for  a 50  Kv  swing » For  proper  operation,  however, 
a 60  Kv  tube  should  be  used. 

Along  with  the  alterations  made  above,  experimental 
work  has  been  progressing  on  the  exoltatlon  curves  for  the 

®usd  the  Id7(p.n)*Be^  reaction.  The  energy 

# 7 * 7 

of  the  gamma  rays  from  the  de-exoita^  on  of  Li  ard  Be 
are  478  and  430  Kev,  respectively  * A Hal  crystal  Mounted 
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on  a photomultiplier  whioh  actuates  a pulse-height 
analyser  Is  being  used  to  observe  the  pulse-height  dis- 
tribution* Since  the  430  and  478  Kev  gamma  rays  cannot 
be  resolved  instruments lly,  the  shape  of  the  478  Kev  gamma - 

ray  distribution  below  the  threshhold  for  the  formation  of 
# 7 

Be  can  be  used  in  separating  the  two  gamma  rays  above 
the  threshhold*  Preliminary  curves  have  been  taken  but 
no  results  oan  be  reported  at  -tills  time* 

In  addition  to  this  work,  the  IdJ(p,n)  reaction  is 
being  used  as  a variable  energy  neutron  source  for  the 
study  of  the  excitation  curve  far  the  formation  of  the 
metastable  states  in  and  Preliminary 

studies  indicate  that  the  me  testable  state  for 
is  formed  through *a  higher  level  while  that  for 
is  not* 


B-  RADIOACTIVITY. 


During  the  past  year  mi  were  concerned  s*ith  the  study 
of  angular  correlations  of  even* -even  nuclei  and  with  the 
development  of  methods  for  the  Investigation  of  resonanoe 
fluorescence  of  gamma  rays. 

I*  Angular  Correlation  Measurements . 

The  even— even  nuclei  are  especially  well-suited  for 
angular  correlation  measurements  t all  ground  states  have 
spin  O*  and  98  per  cent  of  the  nuclei  have  spin  2+  in  the 
first  excited  state.  The  only  unknown  parameters  affecting 
the  angular  correlation  are.  therefore,  the  J- value  of  the 
8eoond  excited  state  and  the  mnltlpole  order  of  the  first 
transition.  The  angular  correlations  expected  for  various 
values  of  J2  differ  greatly  and  oan  easily  be  identified 
experimentally.  Due  to  the  spin  value  0 in  the  ground  state 
the  second  transition  is  always  a pure  multipole  which  means 
that  one  never  has  to  consider  the  mixture  - -mixture  correla- 
tions which  make  the  interpretation  of  angular  correlation 
experiments  in  odd  A nuclei  so  ambiguous. 

The  following  isotopes  were  studied) 
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a)  Kn52  — Or52 


52  52 

Ma  ueoays  into  Or  in  a triple  cascade  0 The  order 
of  emission  of  the  gamma-rays  is  known  from  Inelastic  proton 
scattering  experiments  and  from  a reoeirt  study  of  the  decay 

v5*->0r5*. 

All  three  angular  correlations  hare  been  measured e The 

analysis  in  terms  of  a unique  spin  assignment  to  the  three 

52 

exoited  states  of  Or  is  under  way;  it  is  ocmplicated  by 
the  possibility  of  mixtures  in  the  first  two  gamma-rays  of 
the  'triple  cascade o 

b)  Ha56  — Pa56 


The  decay  soheme  of  Mn*^  is  given  in  Figure  lo  Using 
pulse-height  seleation  for  both  detectors  it  was  possible 
to  separate  the  contributions  of  the  different  oasoadeso 


The  Spins  and  Parities  are  the  Result  of 
this  paper. 


2-7 


analysis  of  the  correlations  loads  to  the  assign- 
ment of  spin  2*  to  all  the  three  exoited  levels  of  Fe56  in- 

56 

volved  in  the  deoay  of  Mn  • The  2 — 2 transitions  are 
mixtures  of  2 per  cent  ( 1,8  Mev  transition)  and  8 per  oent 
(2*1  Mev  transition)  S2  with  98  and  92  per  oent  Ml,  res- 
pectively* Based  on  these  2*  spin  values  md  on  considers- 

56 

tlons  concerning  the  decay  of  Co  one  oan  assign  spin  2, 
even  parity  to  the  ground  state  of  Mn^*,  (Fhys.  Rev*  92, 

Ho.  4,  904-906,  1953). 


o) 


76 

Coincidence  studies  of  the  gamma  rays  emitted  by  As 

76 

indicate  that  the  decay  scheme  of  As  is  more  complicated 
than  had  been  reported  so  far*  We  observed,  for  instance, 
coincidences  indicating  the  presenoe  of  a 1.2  — 1.2  Mev 
cascade* 

The  angular  correlation  of  the  main  0.55  — 0.65  Mev 
cascade  was  investigated  using  pulse-height  selection*  The 
observed  correlation,  which,  in  spite  of  the  pulse-height 
selection,  still  contains  small  contributions  from  other 
cascades,  has  the  form  W(8)  * l - 0.95  o©b^  S 4-  0.99  oo»*  9. 
This  unambiguously  characterises  the  spins  of  the  levels  In- 
volved as  2 - 2 - 0 in  agreement  with  the  oonolusion  reaohed 
by  Kraushaar  and  Ooldhaber  on  the  basis  of  the  "bulk"  cor- 
relation* Although  the  determination  of  the  exact  E2/M1 
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mixing  ratio  is  difficult  due  to  the  superposition  of 
other  easoades,  the  large  values  of  the  coefficients  indi- 
cate that  E2  aooounts  for  at  least  85  per  oent  of  the  transi- 
tion 0 


d)  8b 


124 


— Te 


124 


124 

The  decay  scheme  of  8b  is  so  complicated  as  to  allow 
only  the  measurement  of  the  two  most  energetio  oasoades: 

2*1  — 0.6  Mev  and  1*7  — 0*6  Mev.  Tne  observed  oorrelatlons 
fit  a 5-2-0  aseljmmant  with  less  than  0.1  per  cent  admixture 
of  quadrupole  radiation*  In  view  of  the  large  admixtures 
usually  found  between  £2  and  Ml  (see  Se^»  Fe^)  it  was 
oonoluded  that  the  5-2  transition  in  Te12*  had  to  be  El  with 
possibly  ocane  M2  admixture.  This  was  later  confirmed  by 
conversion  measurements  at  Prinoeton*  The  existence  of  a 
small  admixture  of  M2  to  the  El  radiation  indicates  that 
the  El  transition  is  probably  slowed  down  by  a factor  of 
100  while  the  M2  transition  follows  Weiec&opf'e  lifetime 
estimate  closely  (?hys.  Rev.  90,  1955). 

A similar  transition  with  10~2  per  oent  M2  admixture 
88 

was  found  in  Sr  by  Steffen  and  by  Varna,  Saraf  and  Todd. 

The  angular  correlation  measurements,  in  addition  to 
giving  us  the  J-value  sequences  in  several  even-even  nuclei, 
thus  yielded  information  oonoeralng  the  relative  lifetimes 
of  £1^2,  and  M1/E2  transitions.  Direot  measurements  of 
the  lifetime  of  some  of  those  transitions  would  be  very 
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useful*  They  -.would  tell  «e  whether  the  mixture  i®  due 
to  the  slewing  d^wa  of  the  dipole  component  or  whether 
it  is  due  to  *£.w»  speeding  up  of  the  qu&drnpols  transitions* 


XX&  Ees^nfc  '«v3e  Inaresosiaoe  Studies* 

* - **>«*^*'  . i ntmm m * »»w mnmmtam  »i'.>’«rwt<wt»w.n nwawwi* **» 


Heaons&e*  fi  icreaoaaoe  studies  ware  svarted  with 
the  hope  of  developing  ,&  method  fear  the  rcsesuraiwnt  of 

*15 

lifetime®  ehorfcer  than  ..0  ^ tteooad s.  How?sv«rs  it  turned 
out  that  there  are  Ta.Ty  . ^ 'transitions  <-*v  at  Xftv&.it  in 

•15 

isdiooeti-te  £«©*,?£  — whi>  H are  as  fast  as  10  iMoond®. 
Ch  s of  the  reason*  is  the  \hiwnoo  of  BX  temnsitiena  going 
to  thft  ground  state  p whleic.  * %?a*iTas  one  of  v*  fastest 

transitions*  iteteexmore,  * - 5*ca ass  evident  that  *ia&  w\ 

transitions  are  slower  t^n  -. . doited  en  th£  v— 

\ 

Weiss,  lifetime  estimate.  • ®&A*  u-.«atrr  ~x  -Cv.f^ 

tranei ^ton#  f creed  us  t ■ i»w*  ' ^ tV.®  asetboft  on-*  it...  • f, 

-r tX-  • 

l®  to  transition  . . ’•?**?- » * r*/-: 10  **  ;.;' 


\ 

seconds,  into  M&ieh  p*?.b&b*rr;7.Il\  tbs 
transition®  ar.d  50  * ;_'n  '?**'-*  m.uou’A 


< • . 


i • *./ 


i»e-.viti 


with  An  ■•*  '■  ^ Hff1  r*' first*  -fewr*  ■.  t fej?  .^tVv^  has  i*’**., 

j'j^ieiwd  \sv  feh&  fc  ti?*  "1^50*555.0®  flue \c* *«  Je*’#**  e**^"*^  eon  v* 

/.  ,v‘>  to  Xif>il»;v:>  whioh  represen-  * t£».  >■'  «-••! 

':>!■•:  the  basic  idea  of  the  rat  '/A.xr  ~.  *s 


ea&Pcis*  >ats  U Illustrated  in  Fi 
sv 

Vr  * * 

! ( 


,o  \ f«r.*  1;.**,  > 2 
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Figure  2o 


The  280  Kev  gamma -ray  transition  going  to  the  ground  state 

201  201 
of  T1  is  used  to  irradiate  the  stable  isotope  T1  0 

205 

It  is  expected  that  some  of  the  T1  gamma -rays  will  be 

205 

absorbed  by  the  T1  nuclei  and  then  re-emitted  in 
rardom  directions » If  one  observes  at  a large  angle  with 
respect  to  the  exciting  beam,  the  resonance -scattered 
radiation  oan  be  easily  separated  from  the  Compton*" 
scattered  radiation  by  energy  discrimination.  The  only 
effeot  competing  with  resonance  fluorescence  which  cannot 
bs  eliminated  using  energy  discrimination  is  elastic 
(Rayleigh  + Thomson)  scattering  of  gamma -rays.  A first  step 
consisted  in  the  observation  of  elastio  scattering  of  the 
' (663  Rev)  gnmma-rays  from  metarials  with  different  Z. 
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Using  the  arrangement  shown  In  Figure  3,  in  connection 
frith  a single  channel  pulse-height  analyser,  it  was  pos- 
sible to  observe  elastic  scattering  for  Z -values  as  Ion 
as  30,  the  elastic  scattering  from  load  being  several  times 
larger  than  the  cosmic-ray  background. 


Figure  3* 


A measurement  of  the  elastic -scattering  oroas  eeotion 
for  280  Kev  at  an  average  angle  of  110  degrees  indicated 
that  the  theoretical  prediction  for  the  oross  eeotion  is 
correct  to  within  a factor  of  two. 


2-12 


Although  th«  cross  seotiori  for  resonanoe  fluoresoenoe 
is  of  the  order  of  10  ^ cm^  at  exaot  resonanoe,  the  ob- 
servation of  the  resonanoe  fluoresoenoe  is  difficult  be- 
cause one  never  is  in  exaot  resonanoe  due  to  the  reooil 
in  the  emission  as  rail  as  in  the  absorption  prooess*  The 
main  endeavor  is  therefore  direoted  at  finding  a nay  to 
compensate  for  the  energy  loss  due  to  the  gamma  reooil. 

The  methods  which  have  been  suooessful  so  far  all  use 
motion  in  the  dlreotlon  of  emission  with  the  idea  of  im- 
parting vo  the  gamma-ray  some  extra  energy  via  the  Doppler- 
effeot • 

We  hav)  tried  to  use  the  reooil  motion  due  to  the 
radiation  preoadlng  the  gamma-ray  transition  as  a means  of 
compensation  for  the  energy  losses  in  the  emission  and  ab- 
sorption prooessee.  For  this  method  to  be  successful,  the 
lifetime  of  the  gamma -ray  transition  has  to  be  shorter  than 
the  time  between  collisions  of  the  recoiling  nuclei  with  the 

surrounding  matter o In  solids  this  time  is  of  the  order  of 
-15 

10  seoonds  and  therefore  strongly  limits  the  range  of 

applicability  of  the  method.  Prom  the  absence  of  any  observable 

97  v 97 

resonance  scattering  of  Ho  « -rays  ( from  Fb  ) we  were  able 

-12 

to  set  an  upper  limit  of  10  seoonds  for  the  lifetime  of  the 

0.665  Mev  exoited  state  in  Ho^  lFl$78o  Hev.  91#  1955)®  This 
indicates  that  this  HI  transition  has  a lifetime  at  least 
10  times  longer  than  predicted  by  leisskopf’s  lifetime  formula. 
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Although  a factor  of  10  la  a email  deviation.  It  seems  to 
indioate  that  the  trend  of  lo*v  energy  Ml  transition  to  bo 
r^J  100  times  slower  than  predicted  Is  continued  at  higher 
energies • 

The  limitation  imposed  on  the  measurements  by  the  short 

oolllslon  times  in  solids  ean  be  eliminated  by  using  vapors « 

In  our  most  reoent  experiments  which  are  still  under  way,  we 
203 

used  Hg  in  vapor  form  and  have  been  able  to  extend  the  range 

•9 

of  applicability  to  10  seconds* 

Preliminary  lifetime  estimates  far  the  209  Kev  state  in 
Hg*^  and  for  the  2S0  Kev  state  in  Tl20^  are  5«*10~*°  and 
5P10~10  seconds,  respectively. 

o 
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III. 


o 


Search  for  Anamolous  Positively -Charged  Partloles  from  P~*1 2 3. 
Introduction 

-»<»• 

When  a p emitter  Is  plaoed  In  a magnetic  oloud 
chamber,  there  appear  among  the  tracks  whioh  start  or  end 
at  the  aouroe  a oertaln  small  number  whloh  are  curved  In  a 
sense  opposite  to  that  of  the  majority  of  the  emerging  eleo- 
tron  trades  o These  tracks  have  generally  been  reported  to 
comprise  between  10  and  10  of  the  total  number  of  traoks 
observed  and  have  been  attributed  to  one  or  more  of  the  fol- 
lowing phenomena4* 

4 Ref.  1 oontalns  a complete  bibliography  of  earlier  work 
on  the  subjeot. 


1)  eleotrons  scattered  from  the  walls  beck  into  the 

aouroe.  (or  eleotrons  returning  to  the  souroe 
after  desorlblng  a complete  olrole  partially  out 
of  vlew)o 

2)  eleotrons  emerging  from  the  souroe  and  multiply 

scattered  In  the  gas  so  ae  tn  assume  a reverse 
curvature. 

3)  positrons  created  in  the  source  by  the  aotion  of 

deoay  eleotrons,  bremsstrahlung  or  nuolear 
Y -radiation. 
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4)  pcsitively-oharged  partioles  distinot  from  the 
positron. 

In  nearly  every  investigation  sc  far  reported  the 
anamolous  trades  have  been  far  too  numerous  (always  at 
least  10-4  per  decay-eleotron ) to  be  attributed  to  3)  and, 
in  one  oaee  at  least,  fairly  strong  evldenoe  suggests  that 
neither  1)  nor  2)  are  capable  of  aooountlng  for  the  observe" 
tions. 

A few  of  the  many  investigations  of  this  phenomenon 
have  attributed  the  observed  tracks  to  3)  in  spite  of 
violent  conflict  with  theory  and  without  an  exhaustive  in- 
vestigation of  the  possibility  of  completely  aooountlng  for 
their  results  by  the  lees  Interesting  alternatives  1)  or  2). 

The  most  recent  and  careful  Investigation  of  the  ques- 
tion has  bees  carried  out  by  Oroetsinger  and  Ribe1^  who 

^ G.  Groetsinger  and  P.  Ribe,  Phys.  Rev*  87.  1C03,  1952. 

32  v^ 

used  a P source  (no  nuolear  •-rays)  in  a magnet  io  cloud 
ohamber  with  several  different  source  geometries*  A parti- 
cularly interesting  feature  of  this  work  is  the  careful 
analyeis  and  elimination  of  effect  2)  as  a substantial  con- 
tributor to  the  observed  "positive1*  tracks « These  authors 
also  present  fairly  strong  evldenoe  that  the  traoks  arc  not 
all  1),  and  suggest  that  some  unknown  positively -charged 
partiole  is  responsible*  (Possibility  3)  was  excluded  as 
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contrary  to  on  Indeper^ffnt  experimental  upper  limit  of 
1*3  X 10**3  positrons  per  P32  deoay  electron2^},, 

2 ) 

K.  T.  Bain  bridge  (account  of  Harwell  Conference) 
nature,  160,  492  (1947). 


In  attempting  to  explain  why  the  cloud -chamber 
poeitire-partiole  yields  from  P32  (about  1Q~*  Hpoeitrivea" 
per  ( 3 ~ deoay ) war a greater  by  a factor  of  ten  than  the 
upper  limit  observed  with  a /3-ray  spectrometer2 
Oroftslnger  and  Kahn3  ^ hypothesised  that  the  tracks  might 

3)  0.  Oroetslnger  and  D.  Kahn,  Phys.  Rev.  80,  108  (1930). 

be  oaused  by  an  unstable  elementary  particle  having  a half- 

life  so  short  that  it  could  esoape  detection  in  instruments 

having  a long  path  between  source  and  deteotor.  Evidence 

consistent  with  this  hypothesis  has  been  obtained  with  small 

eised  (3  -ray  spectrometers  by  Oroetslnger  and  Kahn3 1 and  also 
4) 

by  Yuasa  • The  former  investigators  utilised  an  uneva ousted 
T.  Yuasa,  Ce*npt.  Rend.  23f . 619  (1952). 


180°  spectrometer  with  4 oaa  path- length  and  the  latter  an 
evacuated  180°  Instrument  with  a 7 oa  path-length. 

This  communication  describes  an  attempt  to  verify  these 
last-mentioned  results  with  a small  apeotrometer  designed  with 


-rfte£4u  isii&Us  ■ f *<*» 
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ptrtisultr  oato  to  tllmlnate  cozm  of  tho  b> ckgrouBd  ef- 
fects whloh  oeuid  give  rise  to  an  erroneous  indication  of 
positively -charged  partioles  emitted  from  the  souroe* 

«Vv*.  «UV»  v-.f*  ♦ >*0 

Two  <nros8~seot'xouNi  \ It  />  « of  Vo%  / ,/n  aerometer  are  shown 
in  Fig*  1*  Around  the  olrcumferenoe  of  an  annular'  channel 
machined  in  the  brass  cylinder  are  spaced  a series  of  five 
0-M  counters  so  arranged  that  partioles  which  start  at  the 
source  S and  pass  completely  around  the  channel  traverse 
the  sensitive  volume  of  eeoh  counter*  The  channel  has  a 
oentral  radius  of  curvature  of  17/52"  and  a rectangular 
cross  section  measuring  1/lC  by  5/8  inches  * Between  saoh 
adjacent  pair  of  counters  is  machined  a rectangular  cavity 
intersecting  the  channel  and  forming  a sort  of  slit  system 
to  reduoe  glanoing -angle  scattering  from  the  mils*  The 
open  space  formed  by  the  ohannel  and  counters  is  sealed  at 
one  end  by  a permanent  plug  and  at  the  other  ty  a Fb  block 
with  an  "0"  ring  gasket*  The  P*^  source**  was  evaporated 


chemical  farm:  PO^  in  weak  HOI  solution*  Procured 

from  AEO,  Isotope  Division,  Oak  Ridge,  Tenn* 
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into  a snail  1/32"  thick  A1  boat  which  nested  into  tho  Fb 
block  exposing  the  bare  souroe  directly  to  the  channel* 

The  entire  instrument  was  filled  with  a self -quenching 
G-M  oounter  gas  mixture  {90%  Argon  s 10%  Butane)  at  a total 
pressure  of  5 cm  Hg*  In  traversing  the  6 on  path-length 
around  the  channel,  a particle  encounters  no  windows  of 
solid  material  and  is  required  to  penetrate  only  0*13  mg/em 
of  gp8o 

The  lead  blocks  behind  the  souroe  and  in  the  center  of 
the  spectrometer  cylinder  shield  the  oountere  from  the  souroe 
bremastrahlung  so  as  to  minimise  both  the  probability  of  ac- 
cidental ooinoidenoes  and  the  production  in  C-  of  photo 
electrons  which  might  traverse  tne  instrument  in  the  back- 
ward direction  and  give  a spurious  positive -part  iole  in- 
dication * The  instrument  wes  mounted  in  a magnetic  field 
variable  from  0 to  2000  gauss  supplied  by  an  electromagnet 
with  2*5"  diameter  pole  faces  spaced  2*3"  apart*  The  field 
was  essentially  uniform  over  the  volume  of  the  spectres  ter  o 

Rfooedure 

The  deteotion  of  five-fold  ooinoidenoes  between  all  of 
the  oiroumf erent  ial  G-Jfl  oountere  was  originally  conceived 
as  a method  of  obtaining  good  suppression  of  oosmio-ray 
background  and  at  the  earns  time  of  insuring  that  only 
particle e which  really  traversed  the  ohannel  would  be 
counted o While  the  former  objective  was  satisfactorily  met 
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by  this  arrangement,  there  existed  a seek  tendency  for 

adjaoent  oounters  tc  discharge  one -another  by  phcto- 

eleotrio  interaction » Thus,  for  example  , an  electron  which 

traversed  counters  Cj,  Og,  0.  and  not  C^,  0^  could  give 

rise  to  a five -fold  ooinoldenoe  with  probability  of  about 
u 

10  • Furthermore,  when  sources  of  sufficient  strength  to 

allow  performance  of  tbs  experiments  in  a reasonable  time 
were  used,  counters  0^  and  0g  counted  at  such  high  rates 
that  their  operation  was  considered  unreliable. 

After  several  unsuccessful  attempts  to  reduce  the  inter- 
actions between  adjacent  counters  it  was  decided  to  perform 
the  experiment  with  two-fold  coincidences  between  counters 
0,  and  0R  and  to  use  an  anti -ooinoldenoe  tray  of  G-V  oounters 
plaoed  directly  above  the  instrument  as  a means  rejecting 
oosmio-ray  oounts.  This  tray  had  a solid  sensitive  area 
measuring  4"  by  8*  and  was  cantered  3 inches  above  the 
oontral  axis  of  the  spectrometer.  In  this  location  the  tray 
overlapped  considerably  the  solid  angle  defined  by  counters 
05  and  O5o 

Experimental  Results 

The  results  of  principle  interest  are  shown  in  Fig.  2. 
Antlooinoldenoe  rates  measured  with  the  field  oriented  to 
favor  the  detection  of  ^3^articles  from  the  source  are  in- 
dicated by  the  (-)  curve,  and  rates  with  corresponding  fields 
of  the  opposite  polarity  are  indicated  by  the  (+)  curve.  The 


Count s/Hln 


Pig0  2 Measured  anticoincidence  rates  with  P32  souroe,  £he 

(-)  curve  was  obtained  with  the  magnetic  field  polarity 
favoring  the  passage  through  the  spectrometer  of  nega- 
tively-charged particles,,  and  the  (*)  curve  with  the 
opposite  field  polaritye  The  dashed  curve  Is  the  p32  p„ 
spectrum  as  determined  oy  Agnew. 


V 
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data  were  obtained  over  a period  of  approximately  10  days 

and  were  ooxxeoted  for  decay  of  the  source  during  the 

period.  The  cosmic -ray  background  antiooinoidenoe  rate, 

measured  with  the  source  removed,  was  approximately 
•4  »1 

5 X 10  min  or  about  one-tenth  of  the  average  rate  re- 
presented by  the  (♦)  point So  Within  the  statistical  un- 
certainties the  (+)  rates  are  independent  of  field  strength. 

Subsidiary  experiments  were  performed  to  seek  a cor- 
relation between  the  reoorded  ( +)  rates  and  the  rate  at  which 
counter  5 waa  discharged  by  bressae^ahluss*  It  was  dis-= 
covered  that  an  extra  P'  source  placed  between  the  two  Fb 
blocks  behind  the  * Aguiar  source  increased  the  anti -coincidence 
rate  in  about  the  same  proportion  as  the  bremestrahlung  rate 
of  counter  five  at  several  different  ( +)  field -settings  above 
400  gauss.  This  indicated  that  many  of  the  observed  ( +) 
counts  (at  least  50#)  were  oaused  by  bremestrahlung-produoed 
secondary  electrons  whioh  were  released  in  oounter  5 and 
traversed  the  channel  in  the  backward  direction  to  oounter  3o 
Even  without  corrections  for  this  effect  the  ( +)  to  (-)  ratios 
in  the  interval  Ef>  ■»  700  to  2700  gauss  om.  are  oonsldexably 
smaller  than  expected  from  the  cloud  chamber  results  and  the 
prior  s mail -spectrometer  data  when  the  latter  are  taken  to 
indicate  a real  positive -partiolo  effeot.  For  this  reason 
it  did  not  seem  worthwhile  to  attempt  a precise  evaluation 
of  the  residual  spurious  phenomena. 
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Because  of  the  low  pro 8 sure  of  the  gee  mixture  and 

the  short  path-length  of  the  {3 -rays  through  the  G-M 

counters,  partioles  whioh  traversed  the  channel  were  not 

oounted  with  100  per  cent  efficiency.  The  efficiency  of 

counter  Oj  has  been  determined  by  talcing  the  ratio  of  the 

3-fold  coincidence  rate  (0,0.0.)  to  the  2-fold  rate  (c,C«J 

3 4 5 4 5 

at  several  different  (-)  field  settings.  The  results  of 
these  measurements  are  given  in  Table  I. 

The  variation  of  the  counting  efficiency  over  the  H p 
range  investigated  together  with  the  scattering  introduced 
by  the  gas  and  the  finite  thiokness  of  the  souroe  render  the 
(-)  curve  in  Fig.  X only  a crude  approximation  to  the  true 
spectrum  of  ,20  ▲ rough  estimate  of  the  multiple 
scattering  lose  as  a function  of  Hp  has  been  made  by  cal- 
culating the  probability  that  a ray  leaving  the  souroe  with 
the  proper  direction  and  momentum  to  allorr  traversal  of  the 
center  of  the  ohannel  in  vacuum  will,  in  the  presence  of 
the  gas,  be  scattered  so  as  to  miss  the  entranoe  slit  of 

oounter  G^o  The  results  of  this  calculation,  based  upon 

5) 

empirical  scattering  data  for  Argon  and  an  estimate  of 
5) 

Go  Groetslnger,  M,  Berger  and  F,  Ribe,  Phys*  Rev.  7£, 

584  (1950) 


the  Butane  scattering  ie  shown  in  Table  II. 


a 
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Th©  measured  (3  spectrum  ocrrooted  for  the  efficiency 
variation  of  counters  Oj  and  0^  (the  efficiency  of  0^  is 
assumed  ldeutioal  to  that  of  Oj  beoause  of  the  similar 
geometries  of  the  two  counters },  for  the  multiple* 
scattering  loss  as  approximated  above , and  for  the  variation 
of  the  Hp  aooeptance*interval  as  a function  of  Hp  yields 
the  dashed  curve  shown  in  Fig*  3„  Comparison  with  the  true 
spectrum  of  p*  as  measured  by  Agnew®  indicates  fairly  good 

6)  H.  Agnew,  Phys.  Revo  XL*  655  (1950) 

agreement  above  Hp  * 1200,  but  considerable  departure  at 
low  momenta  where  the  scattering  calculation  is  least  ao* 
curate  and  where  the  form  of  the  spectrum  is  most  sensitive 
to  the  thickness  of  the  souroe  and  the  nature  of  the  source* 
backing o 


Discussion 

Since  electrons  and  positrons  of  the  same  momentum  are 
scattered  similarly  (if  anything,  positrons  are  somewhat  less 
strongly  scattered),  the  ourves  in  Fig*  1 give  directly  at 
each  H p value  an  upper  limit  to  the  ratio  of  positrons  to 
elsotron8  emitted  from  the  source  <>  This  ratio  varies  from 
lo6  X 1CT4  at  Hp  « 700  gauss  cm  to  2 X 10*"^  at  Hp  * 2700 
gauss  odo 


! 


4 

* 

i 
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up 

Pig,  3 P32  spectrum  as  measured  by  A gnaw  (solid  curve), 

and  the  present  data  corrected  for  multiple  scat' 
taring  in  the  gas  within  the  spectrometer  and  for 
the  G—M  counter  inefficiency  (daanod  curve)* 


K>‘<-  • 
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At  Hf>  ■ 1600  the  (+)  to  (-)  ratio  la  3 X 10“®  while 

3) 

the  corresponding  value  measured  by  Groetslnger  and  Kahn 
with  a snail  (uneva ousted ) spectrometer  is  8 X 10~^o  For 
partiolee  with  > 700  gauss  cm  the  o loud -chamber  data  of 
Gfcroetsinger  and  Ribe*^  indicate  an  over-all  positive -particle 
to  negative -parti  ole  ratio  of  r^j  2 X 10~*  c If  one  breaks  the 
latter  data  down  Into  momentum-intervals  and  assumes  that  the 
oloud -chamber  electron  spectrum  la  the  same  as  that  measured 
with  a (3  -ray  spectrograph.  It  is  found  that  the  positive-to- 
negatlve  ratios  In  each  of  the  H^»  Intervale  700  - 1400,  1400  - 
2100  and  21CC  to  2800  gaues  cm  exceeds  the  corresponding  value 
measured  with  the  present  Instrument  by  at  least  a factor  of 
50*  (Most  of  the  * positive'1  tracks  observed  in  the  oloud 
chambers  investigation  are  lnoluded  In  the  Eft  Intervals 
selected  for  comparison.)  The  snail-spectrograph  measurements 
of  Yuasa*^  yield  positive -to -negative  ratios  which  are  in 
agreement  with  the  o loud-chamber  data  of  the  same  author  and 
also  in  rough  agreement  with  the  Groetsingsr  and  Rlbe  results. 

If  one  oboosas  to  adapt  the  point  of  view  that  the  larger 
upper  limits  given  by  other  investigators  for  the  positive- 
particle  yield  from  P^2  refleot  the  presence  of  a real 
positively -oharged  particle  and  not  lust  a spurious  effect, 
one  must  at  the  same  time  endow  the  particle  with  properties 
which  might  cause  it  to  escape  deteotlon  in  the  present  in- 
strument. One  may  envision,  for  example,  a partiol®  that  is 
much  more  strongly  scattered  or  has  a muoh  lower  specific 
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ionisation  than  an  electron  of  the  same  momentum*  Although 
the  existing  data  on  multiple-scattering  of  the  oloud -chamber 
"positives'*  is  of  somewhat  limited  statistical  aoouraoy, 

7) 

0*  Groetsinger  and  P*  Ribe,  Fhys*  Rev,  904  (1950) 

the  tracks  do  not  seem  to  be  sufficiently  more  strongly  scat- 
tered than  electrons  to  seriously  suppress  their  detection 
in  the  present  instrument* 

The  question  of  a lower  speoifio-ionisation  may  be  ap- 
proached as  follows* 

Using  a theoretical  expression  far  the  variation  of  G-M 

o ) 

counter -efficiency  with  the  speoifio  ionisation  of  a tra- 

( « v 

see  e,g«  G.  MoOlure,  Phys.  Rev,  go,  796  (1955) 


traversing  ray,  one  finds  that  a speoifio  ionisation  lees  than 
1/4  that  of  an  electron  of  the  same  H f>  oust  be  attributed  to 
the  particle  in  question  In  order  that  its  detect!  on -efficiency 
be  suppressed  the  required  amount  in  the  pare  sent  instrument , 
Although  there  is  no  speoifio  mention  of  the  ionisation  of  the 
oloud-obamber  "positives"  relative  to  electrons,  a ratio  of 
1 to  4 could  hardly  have  escaped  notice,  for  electron  tracks 
themselves  are  quite  thin  and  are  difficult  to  photograph 
clearly  • 


o 


" cr-  - 
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to 

( Ihe  fact  that  the  positive  portiole  yields  from  P , 

as  observed  here,  is  fet  least  50  tirr&e  smaller  than  the 
ananolous-traok  yield  determined  by  olcmd -chamber  observa- 
tions, oan  hardly  be  explained  on  any  other  grounds  than 

that  the  majority  of  the  oloud -chamber  tracks  in  question 

* 

are  really  electrons  returning  to  the  souroe* 

3 

■ 

i 

* 
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QC 

IV#  The  Disintegration  of  Mo 
Introduction 

Earlier  oolnoldenoe  studies1 ' showed  the  disintegration 

^ C#  E#  Mandeville  and  M#  V.  Scherb,  Phye.  Rev,  7 £,  848  (1948) 

99  2-6) 

scheme  of  Mo33  to  be  rather  oomplex#  Subsequent  measurements 

2 ) 

Ro  Medious,  D#  fcasdar  ana  S#  Schneider,  Helv.  Fhys.  Aota 
22,  603  (1949) 

« ) 

J.  M.  Cork,  H#  B#  Keller  and  A#  E#  Stoddard,  Fhys.  Rev.  76, 
986  (1949) 

M#  E#  Bunker  and  R.  Canada,  Fhys#  Rev#  80,  961  (1950) 

5 ) 

H#  M odious.  Do  Maeder  and  B#  Schneider,  Helv#  Fhys#  Acta 
24,  72  (1951) | Fhys.  Rev.  81,  652  (1951) 

® ' J.  W.  Mihelioh,  M#  Goldhaber  and  E,  Wllsop,  Pays.  Rev#  82. 
972  (1951) 

99 

have  led  to  the  conclusion  that  Mo  decays  with  the  emission  . 
of  two,  or  possibly  three,  groups  of  beta -rays,  and  gamma-rays 
having  energies  of  1#8,  40,  140,  142,  181,  367,  741,  and 
780  Kev.  A careful  study***®  ^ of  the  disintegration  of  the 
6-hour  isomer  of  To5^  has  revealed  that  it  decays  with  cascade 
emission  of  the  1.8  Kev  and  140  Kev  quanta,  and  that  the  142  Kev 
gamma -ray  is  the  assoolated  oross-ovar  transition.  The 
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QQ  K) 

disintegration  scheme  of  Mo",  ae  advanced  by  Medicus  et  al  , 
ia  baaed  upon  coincidence  measurement.  between  speotrcmetrioally 
selected  beta -ray ■ and  gamma-rays  detected  in  an  antiraoene 
eoint illation  oounter.  However,  the  problem  of  the  preolse 
looatlon  in  the  soheme  of  the  181  and  36?  Kev  gamma -rays  has 
remained  unresolved.  Accordingly,  with  the  utilisation  of  two 
single  channel  pulse-height  analysers  in  oolnoldencs,  the  gamma- 
ray  spectrum  and  the  various  cascade  relationships  have  been 
re-investigated • 

The  Measurements 

Per  the  purposes  of  the  present  investigations,  a source 
oq 

of  }to  3 was  obtained  when  a quantity  of  MoO^  was  irradiated 
by  slow  neutrons  in  the  Oak  Ridge  pile.  Because  no  gamma- 
rays  other  than  those  already  reported  were  observed,  exten- 
sive chemical  purification  was  deemed  unnecessary.  On  oo- 

QCW 

oaslon,  however,  To?  was  separated  from  its  parent  element 

7) 

by  the  method  of  Coryell  and  Suganaan  « 

7 ) _ 

Charles  1.  Coryell  and  Nathan  Sugaraan  "Radiochemical 

Studies:  The  Fission  Products".  (National  Nuclear 

Series/  VoQraw-Hlll  Book  Company. 


In  Figure  1 is  shown  the  pulse-height  distribution  gen- 

QQ 

era  ted  by  the  gamma -rays  of  Mo  in  a crystal  of  thallium- 


aotivated  sodium  iodide  which  is  three  centimeters  thiok.  In 


fig.  1 . Puke-height  distribution  from 
Noi-Tl  irradiated  fay  gamma -rays  emit- 
ted In  tfoa  disintegration  of  Mo  ^ In 
equilibrium  with  Tc  7he  radiations 

have  boon  flltorod  fay  load  ( 2g/cm  2 )t® 
roduco  tho  intoralty  of  tho  140  Kov 
radiation. 


Hg.  3.  Coincidence  study  of  tho  741 
Kov  - 181  Kov  cascade.  The  data  show 
that  tho  780  Kov  lino  Is  non -coincident 
with  any  181  Kov  radiation. 


Fig.  5.  Gamma  -ray  spectrum  in  the  region 
of  lower  energies  of  Mo  ^ and  Tc 
( Tc  99*"  partially  removed  by  chemical 
separation).  The  spectrum  of  "singles”  Is 
to  be  compered  with  tho  spectrum  of  soft 
gamma-rays  in  coincidence  with  the  741 
Kov  radial!  rv,-. 


Fig.  2.  Coincidence  study  of  the  741 
Kov  - 140  Kov  cascade.  The  date  show 
that  the  780  Kov  line  is  non -coincident 
with  any  140  Kov  radiation. 


MUSS  MttCMT  • YOSTS 
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the  oase  of  the  particular  curve  of  Figure  1 , the  radiation 
inoident  upon  the  detecting  crystal  had  been  filtered  by  a 
load  absorber  of  thickness  about  2 g/cm  to  reduoe  in  intensity 
the  140*142  Kev  radiation  relative  to  the  harder  gamma-rays* 

The  radiation  at  70  Kev  arises  from  the  emission  from  the 
absorber  of  the  K-line  of  lead,  following  photoeleotrio 
absorption  of  the  intense  140  Kev  gamma -vay.  To  observe 
carefully  the  region  of  lower  energies  and  to  detect  the 
41  Kev  radiation,  without  lead  absorber  and  without  inter- 
ference from  the  K-line,  an  additional  curve,  not  illustrated 
in  this  paper,  was  obtained.  In  this  oase,  to  reduoe  the 
intensity  of  the  140  Kev  line,  approximately  two-thirds  of 
the  6 -hour  To  activity  was  removed  from  the  molybdenum  by 

chemioel  separation.  Unless  the  intensity  of  the  140  Kev  line 

99 

line  is  reduced  somewhat,  a source  of  Mo  strong  enough  to 

give  a clear  pioture  of  the  spectral  region  below  140  Kev 

will  at  the  same  time  give  rise  to  a piling  up  of  140  Kev 

pulses  at  the  linear  amplifier,  distorting  the  spectral 

region  above  140  Kev.  From  the  pulse-height  spectrogram 

of  Figure  1,  it  is  clear  that  only  those  gamma-rays  which 

have  been  previously  reported  are  present  in  the  sample  of 
99 

Mo  under  study.  These  gamma-rays  were  observed  many  times 
doling  twelve  half -periods  of  decay  and  were  found  to  decay 
with  the  same  half -period. 

99 

To  study  the  disintegration  scheme  of  Mo  , gamma - 
gamma  coincidence  rates  were  measured  between  the  two 
members  of  all  possible  pairs  of  gamma -rays. 


To  asoertaln  the  relation  between  the  140  Kev  radiation 
and  the  harder  gamma -rays,  the  data  of  the  curve a of 
Figure  2 were  collected.  The  single  oountlng  rate  In  the 
violnlty  of  760  Kev  la  plotted  along  with  a oolnoidenoe 
rate  which  was  obtained  with  two  pulse-height  analysers  In 
coincidence  by  setting  one  analyser  at  the  photo-peak  of  the 
140  Kev  radiation  and  moving  the  window  of  the  seoond  through 
the  region  of  760  Kev,  On  comparing  the  half ^widths  and  lo- 
cations In  the  energy  of  the  two  peaks,  it  Is  seen  that  the 
140  Kev  radiation  is  ooinoiaent  only  with  the  741  Kev  line* 
The  difference  curve,  also  shown  In  Figure  2,  is  peaked  at 
780  Kev,  showing  that  the  780  Kev  radiation  is  non-oolnoldent 
with  the  140  Kev  line,  A similar  curve  Is  shown  in  Figure  3 
In  which  coincidences  have  been  recorded  between  the  741  Kev 
gamma -ray  and  the  181  Kev  line,  A third  set  of  curves,  not 
shown  as  a figure,  was  obtained  relative  to  coincidences  be- 
tween the  41  Kev  gamma -ray  and  the  hard  radiations.  Again 
It  was  found  that  oolnoldenoes  were  present  only  between  the 
741  Kev  radiation  and  the  softer  quantum.  To  avoid  dif- 
ficulties growing  from  the  presence  of  the  Intense  140  Kev 
radiation  associated  with  the  deoay  of  the  6-hr,  metastable 
level,  a partial  separation  of  To  from  Mo  was  performed 
before  obtaining  the  data  of  the  curves  of  Figures  2 and  3» 
The  soft  gamma-ray  at  41  Kev  was  also  found  to  be  coincident 
with  the  140  Kev  quantum.  In  performing  oolnoidenoe  measure- 
ments between  the  gamma-rays  of  energies  140  and  41  Kev, 
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oare  was  taken  that  the  back- scattered  quanta  frcm  one 
crystal  did  not  enter  the  other  crystal.,  A proper  choice 
of  absorbers  plaoed  between  the  two  crystals  eliminated  any 
back-scattering  effects. 

Ho  ooincidenoes  were  detected  between  the  372  Kev 
gamma -ray  and  any  other  gamma -rays  in  the  spectrum.  A 
searoh  was  also  carried  out  to  find  two  372  Kev  quanta  in 
coincidence,  but  none  were  found.  The  resolving  time  of 

n 

the  coincidence  oiroult  was  10~r  sec.  Absenoe  of  coinci- 
dences may.  therefore,  be  interpreted  as  evldenoe  that  the 

372  Kev  transition  terminates  at  a metastable  level  of 

.7 

lifetime  long  oompared  with  10  second  or  that  the  372 

Kev  line  arises  from  the  presence  of  a radioactive  impurity. 

The  foregoing  ooinoidenoe  data  are  consistent  with  the 

interpretation  that  the  780  Kev  gamma -ray  terminates  at  the 

99 

6-hr.  metastable  level  in  To  , 142  Kev  above  the  ground 

state  and  that  the  741  Kev  gamma-ray  leads  to  a level 

99 

181  Kev  above  the  ground  state  of  To  • The  level  at  181  Kev 
decays  with  the  emission  of  the  181  Kev  quantum  or  with  cas- 
oade  emission  of  the  gamma -rays  of  energy  41  and  140  Kev. 

The  Gasoade  relation  among  the  various  gamma-rays  is  de- 
picted in  the  disinteg  at ion  scheme  of  Figure  4o  To  de- 
termine the  per  cent  of  the  total  beta-ray  emission  whioh 

99 

leads  to  the  level  at  922  Kev  in  To  , beta -gamma  ooincidenoes 
were  measured.  The  beta -ray  counter  was  an  anthraoene  crystal 
and  photo-tube  biased  to  oount  pulses  generated  by  beta-rays 
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of  energy  greater  than  50  Kev.  It  should  also  be  men- 
tioned that  the  harder  beta-spectrum  was  found  to  be.non- 
coinoident  with  gamma -rays,  in  agreement  with  earlier 
findings^'  ^).  prom  the  gamma-ray  counter,  all  pulses  cor- 
responding to  a gamma -ray  energy  greater  than  400  Kev  were 
accepted.  Prom  a carefully  oaloulated  solid  angle  and  the 
countingrefficienoy  of  the  gamma-ray  counter,  the  0.5  Mev 
beta -rays  were  found  to  constitute  14 <5  per  oent  of  the 

total  beta  emission.  This  result  is  in  olose  agreement 

5) 

with  the  data  obtained  by  Medians,  et  al  „ 

The  level  at  181  Kev  can  de-exoite  by  way  of  either  of 
two  modes  of  gamma -ray  emissions  by  the  emission  of  a single 
gamma-ray  of  energy  l8l  Kev  or  the  41  and  140  Kev  quanta  in 
oasoade.  To  determine  the  probability  of  de-exoltation  of 
the  180  Kev  level  by  either  mode,  oolnoidenoes  were  measured 
between  the  741  Kev  gamma-ray  and  the  entire  low  energy 
spectrum.  The  pulse-height  distribution  of  single  oounts  in 
the  region  of  low  energy  is  plotted  along  with  the  oolnoi- 
denoes between  the  low  energy  gamma-rays  and  those  of  energy 
741  Kev  as  shown  In  Figure  5.  In  aotu&lity,  all  pulse  heights 
corresponding  to  energies  greater  than  400  Kev  were  aooepted 
in  the  high  energy  gamma -ray  oounter.  The  low  energy  gamma- 
ray  counter  was  shielded  from  recoil  quanta  by  a lead  ab- 
sorber  of  thickness  5 s/on  . The  aluminum-magnesium  oxide 
jaoket  in  whioh  the  crystal  of  the  low  energy  gamma-ray 
counter  was  enoased,  was  estimated  to  reduce  the  intensity 
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of  the  41  Kev  gamma-ray  by  30  per  cent.  If  the  conversion 
coefficients  of  the  140  Kev  and  181  Kev  radiations  are 
neglected,  it  is  evident  from  a consideration  of  the  areas 
under  the  peaks  of  the  ooinoidenoe  curve  that  the  number  of 
disintegrations  proceeding  by  way  of  the  181  Kev  branch  is 
about  equal  to  the  number  in  whioh  de-ezoitatlon  occurs  by 
way  of  the  41  Kev -140  Kev  transitions*  If  the  conversion 
coefficient  ( a “ H(e")/il(v  ))  of  the  140  Kev  gamma-ray  ie 

c ) 

taken  to  be  10  per  cent'  , the  branohing  ratio  of  the 
41  Kev-140  Kev  and  181  Kev  transitions  is  1.2 A®  A one-to- 
one  ratio  should  exist  for  the  areas  under  the  41  Kev  and 
140  Kev  peaks  of  the  ooinoidenoe  curve*  The  actual  area 
of  the  41  Kev  peak  recorded  in  Figure  5 is  considerably 
smaller,  indicating  a relatively  large  conversion  ooef- 
flolent  for  the  41  Kev  line.  From  the  areas  and  the  con- 
version coefficient  of  the  140  Kev  radiation,  the  total 
conversion  ooeffloient  for  the  41  Kev  radiation  is  calculated 
to  be*\A5e  From  the  determined  effiolenoy  for  deteotioo  of 
181  Kev  radiation,  the  solid  angle  of  its  deteotor,  and  the 
data  of  Figure  5*  the  ratio  of  intensities  of  the  741  and 
780  Kev  gamma-rays  was  oaloulated  to  be  2.6* 

Discussion  of  Results 

99 

The  ground  state  of  To  has  the  orbital  Sg/2" 
two  levels  immediately  above  the  ground  state  at  140  Kev 


The  two 


and  142  Xev  are  characterised^*8^  by  7/2 + and  p^* 

8)  M.  Gcldhaber  and  R,  D.  Hill,  Rev,  Mod,  Phys.  2£,  179  (1952) 

beta  spectra  have  values  of  log  ft  suoh  that  both  of  them  may 
be  considered  to  fall  In  the  category  of  either  first** 
forbidden  spectra  (A I * 0,  + lj  yes*)  or  -^-forbidden 
spectra  (41  « ♦ 1,  no*  +2),  The  ground  state  of  Mo" 

(N  * 57,  Z ■ 42)  may  have  any  one  of  several  orbitals^*  10 

Q \ 

" Mayer,  Mosskowskl  and  N or  d helm,  Rev,  Mod,  Phys.  2J, 

315  (1851) 

10 ^ M.  6-  Mayer,  Phys.  Rev.  78,  16  (1950) 

®7/2»  d5/S*  d3/2»  OT  ®l/2*  **  1188  b8on  PrttViou®1Jr  8b0*™  that 

QQ 

the  harder  beta-speotrum  of  Mo  is  non-oolnoldent  with 
■)  v 5) 

gamma -ray  s ' and  terminates  at  the  level  of  orbital  p*y g. 

qq 

Were  the  ground  state  of  Mo  a d^2  configuration,  an  al- 
lowed beta  transition,  d^—*  7/2+  would  be  present  rather 
than  the  forbidden  transition  d^— * Similarly,  if 

QQ 

the  ground  state  of  Mo  be  assumed  to  be  a ^ level, 
transitions  to  7/2+  or  8q/2  would  he  dominant.  None  of  the 
above  mentioned  allowed  transitions  are  observed j therefore, 
d^2  anA  /2  are  re  3®oted  as  possible  orbital  designations 
for  the  ground  state  of  Mo".  The  orbital  assignment  of 
d^2  oan  also  be  eliminated.  It  is,  however,  first  neces- 
sary to  establish  the  characteristic's  of  tho  181  Kev  level 
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99 

In  To  o The  conversion  oooff.loient  of  the  41  Kev  gamma- 

ray  identifies  it  a a magnet io  dipole  radiation 

(Al  B 0,  + lj  no*)*  8inoe  this  transition  terminates  at 

7/2+j  possible  orbital  values  for  the  181  Kev  level  are 

*5/2»  ^/2+,  and  9/2+*  Assignment  of  7/2+  or  9/2+  to  the 

181  Kev  level  is  ruled  out  by  the  absenoe  of  a gamma -ray 

transition  from  the  922  Kev  level  to  either  the  ground  state 

or  the  level  at  140  Kev  leaving  the  orbital  of  the  181  Kev 

qg 

Iwel  to  be  65/2°  If  the  ground  state  of  Mo  were  of 
orbital  dj^*  *n  allowed  beta  transition  terminating  at  the 
181  Kev  level  would  be  present*  This  spectrum  is  not  ob- 
served* 

The  remaining  possible  orbital  assignment  for  the 
ground  state  of  Mo^  is  *1/2“  **  the  softer  beta  spectrum 

were  given  a first -forbidden  classification,  the  level  at 
922  Kev  in  Tc^  would  have  orbitals  of  p^y2  or  If  the 

speotrum  le  interpreted  as  ^-forbidden,  the  assignment  of 
the  922  Kev  level  would  be  dj^2*  The  measurements  of  the 
present  investigation  shew  that  the  741  Kev  and  780  Kev 
gamma-ray  transitions  to  levels  of  orbitals  d^2  and  *1/2 
have  the  same  order  of  magnitude  of  probability  of  ooaurrenos* 
If  the  922  Kiev  level  is  described  as  P5/2*  multipolarities 
of  the  741  and  780  Kev  gamma -rays  are  respectively  El  and  Ml* 
If  instead  of  P3/2*  the  level  assignment  le  taken  as  d^^, 
ths  multipois  prop  sortie  s of  the  two  hard  gamma-rays  are 
interchanged*  Since  the  measurements  of  the  present  investi- 
gation have  shown  the  741  Kev  gamma-ray  to  be  more  intense 
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thus  the  780  K*v  lint*  an  orbital  assignment  of  P3/2  *or 
the  922  Kev  level  is  favored* 

This  fact  excludes  the  possibility  that  the  922  Ksv 
level  have  the  orbital  p^/2»  because  ware  it  so,  the  741 
and  780  Ker  ga nine-rays  would  be  olassified  respectively  as 
M2  and  Ml  which  transitions  are  known  to  have  greatly  dif- 
fering lifetimes* 


\ 
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0*  PHOSPHORESCENCE  STUDIES 

The  Storage  of  Energy  In  Some  Activated  Alkali 
Halide  Phosphors 

Introduction 

The  alia  11  halides  are  universally  known  as  efficient 
phosphors  far  use  in  scintillation  oountlng*  A particular 
example  is,  of  course,  Bal-Tl*  There  are  other  ptro parties 
of  these  materials  whibh  are  useful  though  indirectly  re- 
lated to  the  fluoresoent  emission*  Two  such  characteristics 
are  i 

(1)  Phosphorescent  afterglow,  emission  of  light  from 
the  exolted  phosphor  after  oessatlon  of  irradiation. 

(2)  Energy  storage  in  the  irradiated  phosphor* 

The  phosphors soenoe  of  Item  (1)  above  results  from  the 
escape  of  electrons  from  shallow  traps*  The  kinetio  energy 
of  escape  is  supplied  by  the  temperature  of  the  surroundings 
in  which  the  phosphor  finds  itself*  Thus,  the  phosphors s cent 
emission  at  liquid  nitrogen  temperature  is  far  leas  than  that 
enoountered  at  room  temperature  ( 25° ) . If  the  trap  depths 
are  sufficiently  great,  thermal  agitation  at  room  temperature 
may  be  insufficient  to  dislodge  the  trapped  electrons  which 
will  remain  M stored"  in  exolted  states  in  the  solid*  They 
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Till  escape,  however,  if  the  phosphor  is  heated  (thermo- 
stimulation) or  irradiated  by  near  ultraviolet,  visible, 
or  red  light  (photost inflation). 

The  primary  excitant  nay  take  any  one  of  several  forms* 
X-rays,  beta  rays,  gamma  rays,  alpha  partioles,  or  ultraviolet 
light.  Irradiation  by  the  mere  energetio  exoitants  removes 
the  electrons  from  the  filled  band,  plaoing  them  in  the  con- 
duction band  of  the  phosphor.  These  electrons  may  be  sub- 
sequently trapped  in  imperfections,  forming,  for  example, 
y-centers,  P' -centers,  eta.  The  ultraviolet  light,  however, 
is  not  energetio  enough  to  bring  about  this  condition  through 
absorption  of  a single  photon.  It  may,  however,  excite  to 
metastable  states  bound  electrons  in  the  heavy  activator  Ian. 

Whether  metastable  state  or  imperfection  trap,  the 
potential  barrier  for  escape  may  be  so  great  that  thermal 
liberation  at  room  temperature  Is  very  rare.  The  idea  im- 
mediately presents  Itself  that  the  alkali  halides  which  exhibit 
storage  Could  serve  as  dosimeters  for  xmolear  radiation.  After 
reoelpt  of  an  initial  burst  of  nuclear  radiation,  the  irradiated 
phosphor  can  be  interrogated  days,,  weeks,  or  months  afterwards 
to  ascertain  the  previously  received  dosage. 

Various  aspects  of  the  crystal  dosimeter  problem  have 
been  discussed  in  several  previous  publications  by  other 
authors.  The  use  of  alkali  halides  as  the  doslmetrio  material 
has  already  been  considered  In  some  detail.  In  particular. 


v 
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Xhllmenn  et  ai“^  hat  re  reports  on  many  oharaotsristlos  of  the 


1;  H.  Purst  and  H.  Kallmann,  Phys.  Rev.  82,  964  (1931) 

Ibid.  8£,  674  (1951), 

Kallmann,  Furst  and  Sidran,  Nueleonios  ^0,  So*  9,  13  (1952), 
Bittman,  Furst  and  Kallmann,  Phya.  Rsv„  87,  83  (1952). 


sllver-eotlTated  alkali  ha  11  da  a,  and  tha  measurement  of 

dosagaa  by  than  hao  also  been  similarly  daaorlbad  by 

2 ) 

Friedman  and  Glover  • The  sllver-eotivated  alkali  halides 
2 ) 

H.  Priedman  and  C.  P.  Glover,  Nucleonics,  10,  Ho.  6,  24  (1952). 


have  been  reported  to  have  particularly  good  storage  proper- 
ties, though  storage  la  not  limited  to  them  alone. 

Many  of  the  alkali  halide  phosphors  are  double-banded j 
that  Is,  emission  la  to  be  found  In  both  ultraviolet  and 
visible  bands.  Under  certain  olroumstanoes,  the  two  bands 
can  be  studied  separately  in  photomultiplier  tubes  with  the 
aid  of  properly  ohosen  filters.  However,  a more  convenient 
method  of  separating  the  two  bands  is  to  use  a photosensitive 
Geiger  ocunter  for  ultraviolet  detection  and  a photomultiplier 
tube  suoh  as  the  RCA -5819  for  measurement  of  the  visible 
emission.  The  RCA-1P28  is  also  of  considerable  value,  beoause 
It  responds  to  both  visible  and  ultraviolet.  When  enoloaed  In 
a oy Under  of  soft  glass,  the  1P28  will,  of  ocurse,  respond  to 
the  visible  radiation  alone.  The  Geiger  counter  is  of  partic- 
ular value  In  measurement  of  the  photo  stimulated  release  of 
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the  "stored"  ultraviolet,  because  it  does  not  respond  to  the 

stimulating  radiation.  Measurement  of  the  photoetismlated 

emission  oan  proceed  simultaneously  with  stimulation.  This 

advantageous  feature  of  the  photosensitive  Geiger  counter  has 

2 3 A) 

been  previously  emphasised  * • • 

0.  E.  Vaudeville  and  H.  O.  Albreoht,  Phys.  Rev.  £1.  366  (1953)o 

* ^ Mikao  Kato,  Sol.  Papers,  Inst.  Phys.  and  Chea.  Res.  (Tokyo) 
i!,  H3  (1944). 
ibid  g 41,  135  (1944)* 
ibid.  42,  35  (1944), 
ibid.  $2,  95  (1944). 


It  should  be  remarked  that  the  present  investigation  as 
well  as  those  described  in  references  1,  2 and  3 are  concerned 
with  flucreaoenoe,  phosphors soenoe,  and  energy  storage  as 
related  to  irradiation  by  nuclear  particles.  Similar  and 
closely -related  phenomena  are  to  be  associated  with  Ir- 
radiation by  ultraviolet.  Silver  and  t ha Ilium -aotivmted 

alkali  halide  phosphors  were  intensively  studied  by  JGato*^ 

c) 

and  more  reoently  by  Etsel,  Sohulman,  Ginther  and  Claffy  <> 

^ Etsel,  Sohulman,  Ginther  and  Claffy,  Phys.  Rev0  8£,  1063 
(1952). 


Many  references  to  earlier  papers  in  whioh  ultraviolet  was 
employed  as  the  primary  excitant  can  be  found  in  the  accounts 
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j 

of  these  latter  investigations . In  particular^  it  should  ba 
said  that  Kato  used  a photosensitive  Geiger  oounter  throughout 
the  course  of  his  work  and  pointed  out  specifically  in  the 
fourth  paper  of  his  series  the  advantages  of  the  speotral 
response  of  the  Geiger  oounter  in  observing  the  photo- 
stimulated  emission  of  ultraviolet  while  trie  stimulating 
near  ultraviolet  light  is  on. 

All  of  the  measurements  described  below,  whether  re- 
lating to  spontaneous  phosphorescence  or  long-period  energy 
storage,  were  carried  out  at  room  temperature  (25°  CK 

The  thallium -Activated  Alkali  Halides 

A logical  starting  point  for  this  discussion  is  the  be- 
f~  havlcr  of  the  thallium -activated  alkali  halides,  because  they 

v , 

6 7 B) 

have  already  received  so  much  attention  • • » In  Particular, 

W.  Buenger  and  W.  Pleohsig,  Z,  Physik  6g,  637  (1932). 

Pc  Pringsheim,  Revs.  Modem  Phys.  1£,  132  (1942). 

Johnson  and  Williams,  J,  Cham.  Phys«  21,  123  (1933). 

This  paper  oontalne  many  references  to  earlier  work  of 
Williams  and  associates. 

the  phosphorescence  of  K01-T1  at  room  temperature  is  considered 
to  be  dominated  by  a phosphorescent  emission  related  to  a trap 
depth  of  0.67  ev  and  to  exolted  states  of  TX+  in  close  proximity 
to  other  T1  ions,  probably  Tl*  Iona  adjaoent  in  the  crystal 


6) 

7) 

8) 
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9) 

lattice  • Sinoe  the  excited  electron  never  leaves  the  thalleus 
9*  F.  Belts,  J.  Chem.  Pbys.  6,  150  (1938). 

— — — ■ I II  — 

ion  of  whioh  it  la  a pert,  the  decay  is  exponential  in  character, 
persisting  above  background  for  several  hundred  minutes.  This 
type  of  behavior  is  exceptional  to  the  usual  in  that  exponential 
decay  laws  are  oommonly  assooiated  with  half -periods  of  a few 
micro  seconds  or  less  and  seldom  with  a deoay-tlma  of  hours . 

The  results  of  ultraviolet  irradiation  of  KC1-T1  and  HaOl-Tl 
l thallium  concentration  0.1  per  cent  by  weight  in  either 
specimen)  are  shown  in  Plgure  1(a)  • The  deoay  law  is 

* Most  of  the  phosphors  employed  to  obtain  the  data  of  this 
paper  were  poly  crystalline  masses  produced  by  fusion  in 
a platinum  oruolbls  and  subsequent  rapid  ooollng  on  a 
glass  plate.  The  chare oter  1st ios  of  these  phosphors 
were  found  to  be  much  the  same  as  those  of  single 
crystals.  This  has  also  been  the  experience  of  others 
(see  reference  8). 


entirely  different  in  the  two  canes.  The  curves  for  BsCl-Tl 
could  bo  considered  a combination  of  exponentials  and  power 
laws.  The  curves  for  XD1-T1  are  mere  nearly  exponential  on 
the  log  I-log  t plot  than  are  similar  ourvea  of  many  ether 
phosphors  studied  at  this  laboratory*  However,  the  ourve 
atone  lg  not  that  of  a sinsls  pure  exponential  plot,  {jEQT 
way  of  explanation  it  should  be  said  that  to  obtain  the 
ourves  of  Figure  1(a),  tha  irradiated  phosphorescing  matsrial 
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( **•*  placed  between  two  1P28  photo-tubsa,  on*  oovered  by  * 

cylinder  of  soft  glass « 2h  this  way  the  deoay  of  the  rislbls 
band  a lens  oould  be  measured  in  on*  tub*  and  that  of  the  visible 
and  ultraviolet  together  in  the  other IJ  For  the  K01-T1  phosphor, 
the  deoay  law  appears  to  be  essentially  the  sane  in  both  spec- 
tral regions.  The  time  of  irradiation  by  ultraviolet  from  a 
hydrogen  arc  is  given  on  the  Figure  for  eaoh  set  of  two  deoay 

ourvee.  The  slope*  of  deoay  on  ths  log  I-log  t plot  arc  indi- 

cated at  various  points*  Tor  example,  at  tivlOO  min,  the  deoay 
of  KD1-T1  has  assumed  a slope  of  n * 2*21*  It  is  to  be  parti- 

*J*U«  4»  aw  A 4 ■— » — 4 m.4  'I  w4w  > A V #V^A 

wweoe  uwewu  visas  vu  VU7  v ■ ntw  ^aaivua  rad  * ■ ■ # a ^gvv 

the  slop*  on  the  log  I-log  t plot  of  the  deoay  curve  of  the 

visible  band  of  HaOl-Tl  la  greater  than  la  ths  same  quantity 

associated  with  ths  deoay  of  ths  ultraviolet  band;  that  is, 

the  slops  is  "steeper".  This  effect  is  studied  further  in 

Figure  1(b)  where  additional  curves  oonoeralng  KaCl-Tl  are 

presented*  To  obtain  these  curves,  the  1P28  tube  detecting 

uv  and  visible  light  together  was  replaced  by  a G-M  tube 

responding  only  to  the  ultraviolet * The  relative  "flatness" 

of  the  pure  ultraviolet  deoay  on  the  above  mentioned  time- 

## 

interval  is  thus  enhanced  0 

4MB' 

In  an  earlier  publication  (see  referenoe  11)  the  writers 
cie  nor  lb*  d experiments  which  ware  designed  to  show  that 
the  ultraviolet  band  of  RaOl-Ag  follows  a law  af  decay 
which  differn  from  that  of  the  visible  band*  The  pub- 
lished measurements  were  performed  with  the  use  of  a 


O 
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{ photosensitive  (Ml  tube  as  tbs  ultraviolet  detector 

and  a photomultiplier  as  the  detect  or  of  visible 
light*  In  the  course  of  the  measurements  (reference 
11),  the  question  arose  whether  the  differing  decay 
laws  ware  real  or  were  purely  instrumental  in  nature* 

It  was  thought  that  perhaps  the ' photosensitivity  of 
the  CMS  tube  could  vary  with  oounting  rate*  To  test 
this  point,  after  the  paper  of  reference  11  was  sub- 
mitted for  publication,  the  G-M  tube  was  replaoed  by 
an  R0A-1P28  phototube*  The  deoeying  HeOl-Ag  was  plaoed 
between  the  two  RGA-lP28*s,  one  filtered  by  e soft 
glass  filter,  the  other  unfiltered.  The  decay  curve  of 
ultraviolet  and  visible  together  was  found  to  be  * steeper” 
than  the  curve  of  vlalbla  light  alone.  When  the  soft 
glass  jacket  was  transferred  from  one  phototube  to  the 
other,  the  differing  decay  lews  wars  again  anoountsred, 
attesting  the  reproducibility  and  general  validity  of 
the  phototube  measurement  and  confirming  the  earlier 
measurement  with  the  photosensitive  G-M  tubs* 


In  the  oase  of  all  of  the  ultraviolet  exolted  curves 
concerning  NaCl-Tl  in  Figures  1(a)  and  1(b),  a rapid  decay 
la  in  evldenoe  at  times  below  one  minute*  This  mode  of 
decay  does  not  appear,  however,  in  the  oase  of  the  alpha - 
partlole  exolted  curve  of  Figure  1(b)*  Prom  the  various 
curves  of  Figures  1(a)  and  1(b)  it  is  apparent  that  tbs  in- 
tensity of  the  short-period  deoay  relative  to  the  remainder 
of  the  deoay  ourve  is  reduced  as  the  excitation-time  is  in- 
creased e 

In  Figure  l(o),  the  alpha -partlole  exolted  phosphares- 
oenoe  of  KC1-T1  ie  compared  with  the  ultraviolet -exolted 


2-44 


i 

< 

phosphorescence  • Prom  the  very  similar  appearanoe  of  the 
two  seta  of  curves,  it  oan  be  oonoluded  that  the  phosphores- 
cence oan  be  very  probably  attributed  to  the  same  mechanism* 
Moreover,  the  visible  and  ultraviolet  decay  lairs  appear  to 
be  very  nearly  the  same*  Again,  it  should  be  pointed  out 
that  the  ultraviolet  measurements  off  Curve  1(  o ) were  ob- 
tained with  a photosensitive  G-M  tube,  whereas  using  the 
RCA-1P28,  ultraviolet  and  visible  bands  were  detected 

• utm 

simultaneously  in  the  unfiltered  curves  of  Figure  1(a)  • 

WWW 

The  tire  curves  sf  saoh  set  of  curves  of  Figures  1(a), 

Kb)  and  l(o)  were  always  recorded  simultaneously 
by  placing  the  phosphorescing  material  between  the 
(’  \ two  detectors*  For  example,  when  the  detectors  were 

RGA.-1P28  with  soft  glees  filter  and  photosensltlva 
G*M  tube,  the  visible  band  as  recorded  in  the  1F26 
and  the  ultraviolet  bond  was  recorded  simultaneously 
with  it  in  the  G-U  tube* 

A new  crystalline  melt  was  used  in  obtaining  the  data 
of  eaoh  of  the  separate  Figures  of  Figure  1*  Fox*  example, 
to  obtain  the  measurements  of  Figure  1(b),  a specimen  of 
SaCl-Il  was  twice  exolted  by  ultraviolet  and  finally  by 
alpha  particles * The  irradiated  material  was,  of  oourse, 
completely  de-exoited  by  phot ost imrula t ion  between  the  suc- 
cessively obtained  sets  of  curves • 

Irradiated  samples  of  K01-T1  and  HaCl-Tl  were  examined 
/ at  a time  many  hours  after  initial  excitation  to  ascertain 
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the  extent  of  energy  storage  of  "light  storage"  in  the 
orystalllne  material#  In  this  instance  samples  of  K01-T1 
and  NaCl-Tl  were  irradiated  far  about  one  hour  with  X-rays 
to  receive  a total  dosage  of  A->20r#  The  excited  samples 
were  then  placed  in  a dark  oavity  at  a distance  of  7 cm 
from  a one-watt  tungsten  lamp#  The  photostimulated  emission 
of  ultraviolet  was  recorded  in  a Geiger  counter  during  a 
period  of  6 seoonds  while  the  stimulating  light  was  on# 

This  observation  of  photostimulated  ultraviolet,  emitted 
in  slx-eeoond  bursts,  was  repeated  at  intervals  of  several 
hours  over  a time  of  about  96  hours  to  obtain  the  curves 
of  Figure  2#  From  the  curves  it  is  dear  that  after  three 
days  a counting  rate  of  several  thousand  counts  per  minute 
is  obtainable  from  either  phosphor  with  the  use  of  the 
relatively  weak  source  of  stimulating  light#  Measurements 
have  shown  that  the  number  of  stared  electrons  are  appreci- 
ably reduced  by  the  six-seoond  period  of  photostlmulatlon 
so  that  the  curves  of  Figure  2 may  be  taken  as  only  an  ap- 
proximate indication  of  the  rate  of  decay  of  the  stored 
light  in  K01-T1  and  HaCl-Tl# 

La  another  experiment,  samples  of  KOI  + 0#1  per  oent 
T1C1  and  HaCl  * 0#1  per  cent  T1C1  (percentages  by  wei^it) 
were  irradiated  for  one  hour  by  X-rays  of  maximum  energy 
25  Kev  to  receive  a total  dosage  of 'v^Qr#  The  irradiated 
materials  were  then  stored  in  darkness  for  twenty-four  hours# 
At  the  end  of  this  time  the  samples  wore  removed  from  storage 
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* placed  in  a dark  oavliy,  and  irradiated  with  light  of  wave- 

, o 

length  greater  than  3600  A from  the  tungsten  lamp*  The  photo- 
stimulated  emission  of  ultraviolet  was  recorded  in  a photo- 
sensitive  Geiger  counter  as  shown  in  Figure  3o  The  ultra- 
violet emission  of  NaCl-Tl  is  seen  to  rise  sharply , remain 
high  while  the  stimulating  light  is  on  and  drop  to  essentially 
nothing  when  the  stimulating  light  is  extinguished  at  the  end 
of  one  minute.  In  contrast  with  this  behavior,  KC1-T1  exhibits 
after  one  minute  of  phot  osrtimulat  ion,  a very  considerable  post- 
stimulation afterglows  The  situation  is  Just  the  reverse  of 
that  enoountersd  in  ths  ease  of  the  Ag-aetivated  alkali 
halides3 ^ | then,  the  post -stimulation  afterglow  is  asso- 
ciated with  BaOl-Ag,  and  the  ultraviolet  emission  of  KDl-Ag 
drops  sharply  with  cessation  of  irradiation  by  the  stimulat- 
ing light3 

The  Silver-Aotivated  Alkali  Halides 

Copious  light  emission  and  good  storage  properties 

are  to  be  found  among  the  Ag-eotlvated  alkali  halides o 

When  KGl-Ag  is  irradiated  by  ultraviolet  or  by  nuclear 

partioles  the  spectrum  of  luminesoenoe  is  composed  of  two 

o o 

bands  centered  respectively  at  2800  A and  ^4350  A®  An 
emission  speotrum  resulting  from  alphas  on  KCl-Ag  is  shown 
in  Figure  4 as  obtained  with  ths  use  of  a small  Ellger  quarts 
speotrc graph o 

A poly crystalline  melt  of  KOl-Ag  (AgOl  oontent 
Ool  per  oent  by  weight),  dimensions  lorn  x 1 cm  x 0C5  cmB 
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neighing  one  gram,  was  Irradiated  In  darkness  by  25  mo  of 

polonium  alpha  partloles  for  thirty  minutes*  Immediately 

after  oessation  of  bombardment  by  alphas,  the  sample  of 

o 

KOl-Ag  was  Irradiated  by  filtered  light  (X  >5600  A ) from 
the  tungsten  lamp  having  a total  power  dissipation  of  only 
one  natto  She  lamp  was  located  seven  centimeters  from  the 
KOl-Ag  whloh  was  maintained  at  a constant  temperature  of 
25°  0 by  water-cooling.  The  decay  of  KOl-Ag  under  continuous 
phot ostlmulat ion  is  shown  In  Curve  A of  Figure  5®  The 
detector  was  a photosensitive  Geiger  counter o In  the  early 
stages  of  the  phot eat imula t«d  decay,  a considerable  dead- 
time  loss  was  encountered  because  of  the  high  Initial  count- 
ing rate.  The  actual  counting  rate  is  roughly  indicated  by 
the  broken  line*  From  Curve  A,  It  is  clear  that  the  crystal 
was  exhausted  of  stared  energy  In  about  one  thousand  minutes 
of  phot  ostlmulat  ion  by  the  one-watt  tungsten  lamp.  After 
complete  de-exoltation,  the  same  crystal  was  again  Irradiated 
by  polonium  alpha  partloles,  and  the  normal  un stimulated 
phosphors soenoe  was  measured  as  a function  of  the  time,  as 
shown  in  Figure  5,  Curve  B«  It  was  estimated  that  1.56  x 10^ 
counts  lay  under  Curve  A and  that  5*6  x 10*  counts  axe  tinder 
Curve  B,  only  2*6  per  cent  of  Curve  A*  When  the  crystal  of 
Curve  B was  exhausted  by  photostimulation  commencing  at 

5 

1500  minutes,  an  additional  5 x 10  counts  were  observed* 
According  to  Curve  A,  rv‘10^  counts  should  have  been  re  corded  o 
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The  result  indicates  that /u  7 x 10**  oounts  or  70  per  cent 
of  the  stored  energy  was  lest  through  thermal  processes 
In  about  1500  minutes*  In  the  course  of  the  30-minute 
bombardment  by  alphas,  whloh  preoeded  both  Curve  A and 
Curve  B of  Figure  4,  2 <>06  x 10®  oounts  were  recorded  in 
the  GUM  tube  in  the  form  of  short-lived  fluorescence  and 
unstimulated  phosphorescence * The  exoltatloa,  photo- 
stimulation,  and  oountlng  were  carried  out  with  adequate 
exclusion  of  extraneous  light* 

A oomparlaon  of  the  storage  properties  of  KOI  + 0ol 
par  esut  AgCl  and  Had  ♦ 0*1  per  cent  AgOl  is  shown  in 
Figure  6*  The  respective  poly  crystalline  masses  (equivalent 
in  weight)  of  either  phosphor  had  reosived  a doaaga  of  5r 
during  an  sxoltatlon  time  of  10  mlnuteso  The  "stared  light" 
was  subsequently  released,  in  six-second  bursts  by  photo- 
stimulation  at  intervals  of  twenty-four  hours.  The  obser- 
vation of  photostimulated  ultraviolet  was  made  during  the 
six-seoond  stimulation  period*  The  oountlng  rate  thus  ob- 
tained and  plotted  in  Figure  6 may  be  taken  as  a rough 
measure  of  thfi  amount  of  stored  energy  remaining  in  the 
crystal  after  an  elapse  of  time  specified  by  the  axis  of 
abscissas  of  the  curves*  From  these  two  curves,  it  is  dear 
that  better  storage  properties  are  exhibited  by  HaCl-Ag 

than  by  KCl-Ag*  There  is,  however,  the  post-stimulation 
3) 

afterglow  of  NaCl-Ag  whloh  froQ  the  viewpoint  of  practical 
application  oould  present  a problem*  This  matter  will  be 
discussed  later o 
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So  ascertain  what  silver  oocoentration  loads  to  tbs 
boat  "light  storage",  poly  crystal line  melts  of  HaOl-Ag 
were  prepared  in  which  the  silver  concentration  varied  from 
0»5  per  oent  AgOl  by  weight  to  8 z 1(T*  per  cent  AgOl  by 
weight*  Identioal  quantities  of  eaoh  phosphor  were  ir- 
radiated for  one  hour  to  receive  2 Or  of  X-rays****o 

****  Site  volume  of  the  irradiated  phosphors  was  usually 
1 on  z 1 oo  x 0,5  on* 

Shay  were  stored  In  darkness  and  photostimlated  by  the 
one-watt  tungsten  lamp  for  6 seoonds  daily  c The  counting 
rate  observed  during  the  six-seoond  stimulation  period  is 
plotted  In  Figure  7«  She  measurements  were  continued 
over  a period  of  thirty  days*  From  the  curves  of  Figure  7, 
it  ia  olear  that  a silver  concentration  corresponding  to 
addition  of  about  0,1  per  oent  AgOl  by  weight  yields  the 
maximum  light  emission  during  phot oetiaulat ion*  Here 
again;  it  should  be  mads  olear  that  as  in  the  oase  of 
Figure  2t  the  curves  of  Figure  7 do  not  represent  the 
aotual  decay  of  the  stored  energy  in  Ba01-Ago  She  amount 
of  stored  energy  la  perturbed  by  the  measurements  them- 
es Ives  o Eaoh  six-second  buret  of  photostimulated  light 
drawn  from  the  phosphor  reducer  in  not  negligible  amounts 
the  total  of  remaining  stored  energy*  One  sample  of 
Had  ♦ 0*1  per  oent  AgOl  showed;  after  5 six- second 
periods  of  photostimulatlonp  about  15  par  oent  less 


3 
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activity  than  an  identical  speolmen,  which  had  not  been 
previously  photostimulated  at  alio  The  appreciable  re- 
duction of  the  stored  light  by  the  brief  periods  of  photo- 
stimulation  could  be,  of  course,  eliminated  by  using  a 
weaker  tungsten  bulb. 

A seoond  hatch  of  poly crystalline  samples  of  KaCl-Ag 
of  differing  silver  concentration  were  similarly  tested 
as  rtioan  in  Figure  8.  In  this  case,  the  crystals  were 
again  irradiated  to  receive  ro2Qr  and  stored  in  darkness. 

Twenty-four  hours  after  excitation,  each  phosphor  was 
phot ost isolated  for  about  one  minute.  The  ultraviolet 
emission  was  recorded  during  the  one  minute  of  photo- 
stisulsition  as  well  ae  afterwards  to  measure  the  peart - 
O stimulation  afterglow*  Here  again,  the  initial  rise  in 

counting  rate  upon  onset  of  photostlmulatlon  is  greatest 
when  the  added  AgOl  is  0.1  per  oent  by  weight.  The  various 
values  of  the  initial  counting  rate  (t  » 1 minute,  time  sero 
is  taken  ae  one  minute  before  the  photostimulatlng  light  is 
turned  on)  are  plotted  in  Figure  9.  The  maximum  of  ultra- 
violet emission  between  AgCl  oonoentrations  of  0.02  and  0.10 
per  oent  by  weight  is  olearly  evident.  In  Figure  S,  the 
AgOl  concentration  is  given  m mol«  per  oent o Another  qoiua- 
tity  obtainable  from  Figure  8 is  also  plotted.  This  is 
Og/o^  where  0^  is  the  oounting  rate  at  t * 2 minutes  arising 
from  the  poet-stimulation  afterglow  and  is  the  co- 
st Imu  la  t ion  emission  of  ultraviolet  at  the  instant  of  initial 
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photostimulatlon  at  t f\Jl  minute.  The  quantity  19 

•••n  to  lnoreas#  with  silver  oontento  These  data  are  shown 
in  Figure  10 „ 


Discussion  of  Resalts 

From  the  standpoint  of  praotioal  dosimetry,  the  data 
of  the  foregoing  discussion  should  be  of  some  value.  It 
has  been  emphasised  that  the  entire  investigation  inoluding 
excitation  and  all  neasurecsnts  has  been  carried  out  at 
rood  temperature  (25°  0),  the  situation  whioh  is  met  in 
practice.  Many  phosphors  store  energy  at  liquid  nitrogen 
temperatures,  their  filled  traps  emptying  during  the  ap- 
proach to  room  temperature  o These  materials  would  obviously 
have  no  praotioal  value * 

The  curves  of  Figure  7 show  that  certainly  the  storage 
is  effective  enough  for  accurate  measurements o For  example, 
the  curve  a arre spending  to  an  AgOl  concentration  of  0»10 
per  oent  by  weight,  curve  0,  indicates  a counting  rats  of 
forty  thousand  counts  per  minute  obtainable  during  photo* 
stimulation  at  ths  end  of  thirty  days.  Using  a sufficiently 
weak  stimulating  light,  counting  rates  of  certainly  several 
thousand  counts  per  minute  might  be  obtained  without  ap- 
preciably altering  the  amount  of  stored  energy.  Thus,  in 
ths  event  of  an  error  in  making  a first  reading  of  the 
dosage,  the  phosphor  oould  be  "re-read"  • If  successive 
readings  are  separated  by  only  short-time  intervals,  it  is 
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obvious  that  the  post-stimulation  afterglow  suoh  as  that 
exhibited  by  NaCl^Ag3 ) and  by  KD1-T1  (see  Figure  3),  could 
yield  misleading  results.  It  has  been  previously  showa^, 
that  RaCl-^g  can  be  re-used  after  having  received  a dosage 
of  millions  of  roentgens.  Thus,  after  having  reoeived  a size- 
able initial  dose,  the  phosphor  dosimeter  oan  be  de-exolted 
and  made  ready  for  reoeipt  of  smother  dose  of  nuolear  radiation. 
It  is  easy  to  visualise  the  oolleotlon  of  small  light-tight 
oapsules  containing  aotlvated  alkali  halide  dosimeters  vtoloh 
had  been  previously  located  in  an  area  subjected  to  atomlo 
attack.  These  oontalners  oould  be  opened  and  read  under 
standard  conditions  of  photostimulation  a uC  detection  to 
ascertain  the  previously  reoeived  dosage.  Knowing  the  time 
of  the  disaster,  curves  similar  to  those  of  Figure  7 oould 
be  used  to  calculate  the  initial  dose  0 It  Is  evident  that 
considerable  work  of  a developmental  nature  must  be  carried 
out  to  standardise  a phosphor  dosimeter  of  the  type  des- 
cribed above.  It  would  probably  be  neoessazy  to  develop 
single  crystals  of  uniform  response  as  well  as  a detection 
"kit",  the  components  of  which  (oounter,  eto.)  oould  be 
manufactured  re pro duo id ly  in  quantity* 

Turning  to  the  more  teohnloal  aspects  of  the  data,  it 
might  be  said  that  it  would  be  difficult  to  ascribe  the 
bands  of  emission  of  the  silver-activated  alkali  halildes 

to  definite  excited  states  of  the  silver  ion  without  de- 

xo)  1 

tailed  calculations*.  The  ground  state  of  Ag+  is  S0» 
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R.  F.  Baoher  and  Samuel  Goudsmit,  Atoc-io  Energy  States . 
(MoGraw-Hill  Book  Oo.,  Ino. , Hew  York)  p.  38  (1932). 

The  f irst  group  o f exoited  states  are  D states  which  are  suf- 
ficiently separated  In  energy  from  the  ground  state  to  aooount 
for  the  emission  bands*  However , direct  transitions  between 
S and  D states  are  forbidden  by  parity  considerations,  if 
speotrosoopio  selection  rules  are  to  be  followed*  In  an 
oar  liar  paper11  \ an  attempt  was  made  to  explain  the  behavior 

11 J C.  E.  Hand  evil  Is  and  H.  0.  Albrecht,  Fhy*,  R#vs  90,  25  (1953), 

of  the  phosphorescence  of  HaCl-Ag  only  by  the  presence  of 

Imperfection  traps • This  discussion  cannot  be  regarded  as 

a full  interpretation,  because  the  formation  of  metastable 

excited  Ag+  was  not  considered.  The  excited  states  of  T1+ 

giving  rise  to  the  emission  bands  of  K01-T1  have  been  ao- 

S) 

ourately  identified  0 

It  should  perhaps  also  be  remarked  that  the  curve  of 

Figure  9 is  very  similar  in  general  shape  to  the  curves 

for  luminescent  efficiency  versus  activator  concentration 

12) 

which  have  been  calculated  for  various  other  phosphors  • 

12 ) 

See  for  example  Johnson  and  Williams,  *J.  Ohem-  Fhye.  18. 

1477  (1950)o 


Tbs  specific  case  of  BaOl-Ag  has  not  yet  been  treated  with 
a quantitative  theoretical  approach. 


Do  CONCERNING  COUNTERS. 


Observation  of  the  Positive  Ion  Flur  at  the  Cathode  of  a 

G-M  Counter. 


Introduction 

In  disou88ing  features  of  G-K  oounter-behavior  related 
to  the  motion  of  the  positive- ion  sheath,  many  investigators 
have  represented  the  ion  sheath  in  cylindrical  oounters  as  a 
lamina  of  oharge  which  remains  infinitely  thin  during  the 
entire  process  of  formation  and  radial  expansion  toward  the 
oathode • Recently  Wilkinson1 ^ has  shown  theoretically  that 

X)  D.  H.  Wilkinson,  Rev.  Soi.  Inatr.  2J,  463  (1952). 


owing  to  mutual  repulsion  between  ions,  the  sheath  can  puff 
itself  up  while  in  transit  to  the  oathode  until  it  may  occupy 
as  much  as  half  the  volume  of  the  counter  before  the  first 
ions  are  collected.  While  the  thin-etaeath  approximation  is 
entirely  adequate  for  oaloulating  dead-times,  a more  preolae 
description  of  the  sheath  must  be  utilised  in  any  attempt  to 
correlate  the  time -distributions  of  delayed  spurious-counts 
with  the  arrival  of  positive  ions  at  the  oathode. 

In  preparation  for  a detailed  study  of  the  origin  of 
spurious  oounts,  we  have  devised  a technique  (independently 
suggested  by  Wilkinson)  for  observing  the  rate  of  impingement 


**Zrt&**ff  v ■•^«»ESrf*r«*we.  ■ 
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of  positive  lone  upcc  the  cathode  of  a G~M  ooxmter  as  a 
function  of  tine  after  a discharge 0 The  main  purpose  of 
this  paper  is  to  describe  this  technique  and  to  oompare 
the  measured  oathode  ion-fluxes  in  typical  oounters  with 
Wilkinson's  theory. 

Apparatus 

The  experimental  arrangement  is  diagramed  schematically 
in  the  upper  portion  of  Figure  1.  A oopper-mll  counter  of 
0o738  in*  internal  diameter  and  having  a Tungsten  wire  0.005  in. 
diameter  me  used  in  all  of  the  experiments.  In  the  cylinder 
wall,  a 3/16  in.  hole  me  drilled  and  wire  screening  of  mesh 
( ) 525#  ms  soldered  over  this  hole.  To  receive  positive  lone 

* Supplied  by  W.  S.  Tyler  Company 

passing  through  the  grid,  a centimeter  square  collect lng- 
plate  curved  to  conform  te  the  oathode  cylinder  ms  plaoed 
.080  is.  outside  the  grid.  The  probe  ms  connected  directly 
to  the  first  grid  of  a looal  preamplifier  and  shunted  to 
ground  with  a resistance  of  such  value  as  to  yield  an  input 
HO  time-constant  cf  10  fiseo.  As  the  current-impulses  to  the 
probe  lasted  approximately  100  peso.,  the  chosen  input  time- 
constant  yielded  an  amplifier  input-voltage  closely  comparable 
in  shape  to  the  ion-flux  impulse  arriving  at  the  oounter 
,-v  oathode.  The  amplifier  output  pulses  were  viewed  on  a 


Fig.  i.  Schematic  diagrams  of  circuits  used 
for  observing  the  positive  ion  flaw  (above) 
and  total  charge  developed  in  the  discharge 
(jbelow). 


Fig.  2.  TypKal  positive  Ion  flux  pulses 
displaced  on  a horizontal  oscilloscope 
Hm®  base.  Above-Argon -alcohol  mixture 
Below— Argon-ether  mixture.  Dependence 
of  pulse  shop#  upon  probe-voltage  Is  Indic- 
ated. 


VOLTAGE 


Fig.  3.  Lower  curves  — variation  of  q and  m with  counter  operating  potential  Tor 
several  gas  mixtures.  Upper  curves  — calculated  ion  mobilities  in  corresponding 
mixtures. 
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Tektronix  oeolllosoope  with  its  harisontal  sweep  triggered 
by  the  current  impulses  through  a 500  resistance  con- 
nected in  series  with  the  counter  wire«  This  method  of 
triggering  initiated  the  sweep  within  10*6  seo.  after  the 
start  of  eaoh  dlsoharge* 

For  the  purpose  of  measuring  the  average  charge  per 

9 

pulse,  (a  quantity  required  for  computation  of  the  ion 

sheath  motion  from  the  theory)  a simplified  version  of  a 

2) 

method  used  by  Stever  was  employed * In  the  lower  section 
2)  H.  0.  Stever-  Hits.  Hav.  61.  5B  (1942). 

r — mmmmm r 


of  Figure  1 is  shown  a diagram  of  the  circuit  used  for  the 

charge -measurement „ The  components  are  a 0*5  pfd*  mica 

condenser,  a Central  Solentlflo  Company  electrometer,  a 

aoaler,  and  a shorting  switch.  The  potential  was  applied 

to  the  oounter  with  the  switch  across  the  oondeneer  olosed. 

At  some  arbitrary  time  oalled  t * 0,  the  ahartlng-switoh  was 

opened  simultaneously  with  a switch  that  turned  the  scaler 

on0  When  the  voltage  across  the  condenser  reached  1«0  volte, 

the  eoaler  was  turned  off  and  the  number  of  counts  n on  the 

aoaler  reoordedo  The  relation  — therefore  gives  the 

n 


average  positive -ion  spaoe  charge  per  pulse  in  ooulombs* 
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The  following  three  gas  mixtures  were  used  In  the 
course  of  the  Investigation# 

A#  80  mm  Argon,  20  mm  ethyl  aloohol 

Bo  105  mm  Argon,  17  cm  butane 

0o  59  mm  Argon,  9 mm  ethyl  ether 

The  counter  me  filled  on  a glass  vacuum  system  evacuated 

-5 

by  wean*  of  a fore  pump  to  approximately  10  mm  Eg  before 

admission  of  mixture  B.  In  the  oaee  of  mixtures  A and  0, 

however,  satisfactory  o ouster  performance  oould  not  be 

-6 

attained  without  prior  evacuation  of  the  system  to  10  mm  Eg# 
Experimental  Results 

Osolllograms  of  the  ion-flux  pulses  obtained  with 
mixture  A and  C are  shown  In  Figure  2«  These  photographs 
are  each  triple  exposures  obtained  by  applying  potentials 
of  500,  600,  and  900  volts  between  the  cathode  and  colleotion 
probe  while  maintaining  fixed  oathode-to-anode  potentials  of 
1440  and  1170  volts  with  mixtures  A and  C respectively?  The 
euooesslve  Increases  In  pulse  height  associated  with  500  volt 
increases  in  the  probe  potential  indicate  that  the  ion-flux 
ie  partially  intercepted  by  the  grid  in  this  range  of 
collection-potentials . Owing  to  the  occurrence  of  sparking 
between  the  grid  and  probe,  it  was  not  possible  to  utilise 
oolleotion-potentials  greater  than  900  volts#  While  this 
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limitation  introduoed  a ome  shape -distort ion  in  the  re- 
corded pulses,  the  starting  and  ending-time  of  the  pulses 
ware  little  affected  by  probe  potential  charges o 

With  the  collection-potential  applied  between  the 
cathode  and  the  ion  probe  reduoed  to  sero,  no  probe-pulses 
were  visible  on  the  osoillosoope  time-base 0 This  was  a 
sufficient  indication  that  the  positive-ions  direoted 
toward  the  grid  induced  praotioally  no  charge  upon  the 
collecting  probe  until  they  passed  through  the  grldo 

The  pulses  shown  in  Figure  4 (traced  from  photographs) 
indloate  the  effect  of  counter- voltage  variation  upon  the 
ion- pulse  obtained  with  mixture  0o  Sets  of  curves  similar 
to  those  shown  in  Figure  4 were  obtained  also  with  the 
argon-alcohol  and  the  argon-butane  mixtures . The  use  of 
these  curves  together  with  Wilkinson's  theory  permits  one 
to  estimate  the  mobilities  of  positive  ions  in  the  various 
mixtures,  as  will  be  described  below. 

In  the  lower  section  of  FigJue  3 are  plotted  measured 
values  of  the  positive-ion  spaoe-oharge  q,  created  per  unit 
length  of  the  wire  per  discharge  as  a function  of  counter- 
operating  potential  V0  Curves  are  shown  for  each  of  the  gas 
mixtures  investigated.  The  ratio  m * q/Qe,  where  Qq  is  the 
calculated,  charge  per  unit -length  on  the  central  wire  in  the 
quiesoent  condition,  is  also  plotted  as  a funotion  of  V for 
eaoh  gaso  The  quantities  m and  Qq  are  vised  in  calculating 
ion-mobilities  and  in  comjnuting  the  theoretical  ion-flux  at 
the  counter  cathode  as  a function  of  time. 
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Fig.  4.  Positive  ion  flux  ot  various 
operating  potentials.  Argon-ether  mix- 
ture. 


Fig.  5.  Comparison  of  observed  and  theo- 
retical ion  flux. 
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Fig.  6.  Double  exposure  shewing  norma I 
ion  pulse  and  superimposed  double  pulse 
resulting  from  two  discharges  in  rapid 
succession . 


Fig.  7 . Statistical  distribution  of  delayed 
spurious  counts  (histogram)  and  positive 
Ion  flux  (upper  curve)  eccn  measured  under 
the  same  counter  operating  conditions. 


Theory 


Consider  a cylindrical  G-M  counter  with  wire  radius  a, 
cathode  radius  b and  an  applied  potential  V0  The  external 
circuit  resistance  will  be  assumed  sufficiently  small  that 
the  wire-to-cathode  potential  remains  essentially  constant 
during  the  discharge*  We  oonoem  ourselves  with  the  behavior 
of  the  ion  sheath  subsequent  to  the  Instant  when  gas  amplifi- 
cation ceases,  assuming  that  from  this  time  onward  the  sheath 
consists  of  ions  of  one  kind,  all  having  the  same  mobility  o 
We  neglect  diffusion,  which  has  a relatively  slight  effsot 
on  the  spaoial  development  of  the  ion  sheath,  and  consider 
each  ion  to  move  with  a radial  velocity  v proportional  to  the 
field  strength  X„  Letting  Qq  devote  the  oharge  per  unit 
length  cn  the  wire  in  the  absence  of  spaoe-oherge,  q the 
oharge  per  unit  length  In  the  ion  sheath  (a  constant  along 
the  axial  dimension)  and  f(r,t)  the  fraction  of  the  space- 
charge  lying  between  the  wire  and  radius  r at  time  t,  we 
have  for  the  general  specification  of  the  field; 


X (r„t) 


2 f 

- { Q + 

ri  0 


qf  - q 


££  log  r 


dr  log  b/s 


dr 


(1> 


V / 2 log  b/a 


Applying  the  oondi  wion  of  oharge -continuity  one  obtains 
the  equation 


1 \f  ♦ *hf  T>x 
r "fcr 


(2) 


wh-re  X is  tfcs  ion  mobility 
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Substitution  of  X from  Equation  1 into  Equation  2 yields 
a rather  complex  integrodifferential  equation  for  f ( r ,t) 
whose  general  solution  is  a matter  of  extreme  difficulty  «> 

By  neglecting  the  integral  term  in  Equation  1,  one  obtains 
a much  simpler  equation,  whose  solution  has  been  shown  by 
Wilkinson  to  predict  ion  transit  times  differing  in  practical 
oases  by  only  a few  per  eent  from  those  given  by  the  more 
precise  equation c (The  integral  term  in  Equation  1 represents 
the  charge  induced  on  the  wire  by  the  Ion  sheath  o) 

The  solution  to  the  simplified  problem  yields  the  follow- 
ing result  far  the  cathode  ion-flux  F as  a function  of  time  T 
after  the  dlsohargeo 


F (T) 


4Kt 


F (T) 


t 

* >To 


(3) 


T,  and  T represent  the  collection  times  of  the  outermost 

x O 

and  innermost  ions,  respectively,  and  are  given  by 
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*o  “ *>*  in  b4 

It  fd.ll  be  noted  that  the  above  relations  contain  no  para- 
meters desoriptive  of  the  sheath  configuration  at  time  t *=  0o 
This  oomes  about  because  of  the  neglect  of  terms  which  arc 
vanishingly  small  in  the  praotloal  case  where  all  ionisation 
occurs  within  a very  short  distance  from  the  central  wire. 
Assuming  that  the  initial  ionisation  occurs  within  a few 
wire -diameters  away  from  the  central  axis  of  a counter  of 
typical  construction  one  can  show  that  F (T)  is  practically 
unaffected  by  the  choice  of  the  initial  distribution  of  ions 
and  raduoes  essentially  to  the  form  given  above.  (Experiments 
with  beaded-wire  counters  have  olearly  shown  that  in  self- 
quenohing  mixtures,  the  ionisation  is  confined  to  a region  of 
the  order  of  that  assumed  here.) 

Comparison  of  Observed  and  Calculated  Ion  Fluxes 

By  inspection  cf  Equations  3 and  4 it  is  evident  that 
the  specification  of  T^  (the  transit  time  of  the  outer  ions) 
together  with  the  quantities  a,  b,  V and  m completely  deter- 
mines the  shape  of  the  ion-flux  P (T).  the  end-point  T0,  and 
the  ion  mobility  K»  In  Figure  5 we  have  plotted  an  observed 
pulse  (mixture  A;  V * 1485  Vf  M « 1.3)  together  99ith  the 
theoretical  flux  P (T)  fitted  by  matching  T^  with  the  leading 
edge  of  the  observed  pulse o (The  amplitude  of  the  theoretiosl 
pulse  is  chosen  arbitrarily.) 
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While  there  are  several  definite  points  of  similarity 
between  the  observed  and  oaloulated  pulse  shapes,  there  is 
a considerable  difference  between  the  two  shapes  near  the 
leading  and  trailing  edges.  The  nature  and  magnitude  of 
the  discrepancy  ie  quite  similar  for  the  various  gas  mixtures 
and  can  be  explained  partially  by  considering  the  effects  of 
diffusion,  amplifier  distortion  and  grid-to-probe  transit 
time. 

According  to  the  kinetic  theory  of  &lscs  the  following 
general  relationship  exists  between  the  coefficient  of 
diffusion  D and  the  mobility  K.  of  singly-oharged  heavy  ions. 


D - .0235  K 


(6) 


where  D la  expressed  in  oge  unite  and  K is  In  cm/seoo 
Neglecting  the  effect  of  inhomogeneous  field  upon  the  dif- 
fusion, the  ions  contained  at  time  T * 0 in  an  elementary 
lamina  of  the  sheath  will,  upon  reaohlng  the  oathode,  be 
disbursed  into  a nearly  gaueelan  radial  distribution  with 
an  nas  thickness  "V2  IfiT  (where  T is  the  average  transit- 
time  of  the  ions  of  the  lamina  under  consideration).  Upon 
integrating  the  spreading  of  the  individual  lamina  over  the 
entire  sheath,  one  finds  that  the  trailing  edge  of  the  eheath 
which  is  sharply  defined  in  the  absenoe  of  diffusion  — be- 
comes smeared  out  over  a distance  of  approximately 
• Ar  « 3«?'V2  E tTo  Then  the  tail  of  the  ion-flux  pulse 

W 
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should  be  smeared  out  over  a time -Interval 

AT  * XX  &r  * 3o3  KE  ~\'2  DT  (7) 

o o o 

where  K is  the  Ion  mobility  and  XQ  is  the  eleotrio  field 
at  the  oathode  when  the  ion  sheath  is  completely  collected . 
Using  tLe  X --value  arrived  at  in  the  fitting  shown  in 
Figure  5 the  evaluation  of  the  Equations  S and  7 yields 
A T * 28  *isec»  for  the  tail  of  the  theoretioal  pulse  e 
The  A T value  of  the  observed  pulse-tail  (the  time- 
interval  between  -he  break  at  470  useo<>  and  the  end  of  the 
pulse-tail  at  580  pseo)  is  approximately  4 times  greater 
than  the  AT  expected  to  arise  from  diffusion • In  estimat- 
ing the  diffusion  spread  by  the  above  over-simplified  pro- 
cedure we  have  used  approximations  which  tend  to  exaggerate 
the  distortion  of  the  pulse-tallo  This  may  be  understood 
by  noting  that  ions  which  diffuse  behind  the  inner  boundary 
of  the  sheath  find  themselves  in  a field  of  higher  intensity 
than  those  nearer  the  boundary.  Consequently,  there  is  a 
tenfienoy  for  the  lagging  ions  to  "oatoh  up”  with  the  sheath 
and  to  reduoe  the  over-all  diffusion  spread  to  a value  less 
than  that  calculated  above. 

An  analysis  of  the  distortion  introduoed  by  the  finite 
grid-to-probe  transit-time  and  the  imperfeot  differentiation 
of  the  amplifier  input  oirouit  shows  that  a A T of  approxi- 
mately 30  peso.,  in  addition  to  that  introduoed  by  diffusion, 
should  be  imposed  upon  the  rise  and  fall  time-intervals  of  the 
theoretioal  pulse  plotted  in  Figure  5<> 
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The  arguments  presented  here,  although  admittedly 
rough,  seem  to  exclude  the  possibility  that  a precise 
treatment  of  diffusion  and  instrumental  effects  would  com- 
pletely explain  the  discrepancies  between  the  observed  pulse 
in  Figure  5 and  the  theoretical  shape « There  exists,  however, 
the  possibility  that  additional  broadening  might  be  Introduced 
by  the  mixed  character  of  the  ions  immediately  after  the  dis- 
charge, and/or  by  the  formation  of  ions  belonging  to  two 
or  more  distinct  mobility  groups  (by  the  attachment  of  im- 
purity molecules  to  ions  of  the  quenohing  vapors )o 

Spurious  Counts 

The  photograph  shown  in  Figure  6 is  a double -exposure 
showing  a normal  ion-pulse  of  the  type  discussed  above, 
together  with  a pulse  with  a double -peaked  structure  o The 
double  pulse  represents  an  event  in  ?4iieh  the  counter  was 
discharged  twice  in  rapid  succession.*  The  first  dlsoharge 
triggered  the  sweep  and  before  the  ions  generated  in  this 
disoharge  were  oompletely  oollected,  a seoond  discharge 
oocurreda  According  to  expectation,  the  ion  sheath  of  the 
second  discharge  bo  increased  the  eleotrio  field  in  the 
outer  regions  of  the  counter  that  the  oclleotion  of  the 
remainder  of  the  first  sheath  was  greatly  accelerated  o 
This  is  indicated  by  the  less- than -normal  width  of  the  first 
pulse « Also  worthy  of  note  is  the  fact  that  the  second 
sheath  contains  fewer  ions  than  a normal  sheath*  This  is  a 
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result  of  the  faot  that  the  later  discharge  occurred  at  a 
time  when  the  field  at  the  central  wire  was  reduced  by  the 
presence  of  uncollected  spaoe-oharge  from  the  prior  discharge* 
The  study  of  a large  number  of  events  of  the  double- 
peaked  variety  photographed  on  a continuously  moving  film 
yielded  the  statistical  distribution  of  spurious  oourrts 
shown  in  Figure  7*  The  histogram  in  the  lower  portion  of  the 
figure  represents  the  relative  probability  that  a spurious 
oount  occurred  in  each  50  pseco  Interval  of  a time-base 
triggered  by  a n on-spurious  pulse*  The  time  of  spurious 
oount  initiation  was  determined  by  the  location  of  a small 
inductive  pip  on  the  time-bsseo  The  upper  portion  of 
Figure  7 is  a normal  ion-pulss  obtained  tinder  the  same 
operating  conditions  as  the  histogram  and  is  plotted  on  the 
same  time-scale*  In  obtaining  the  spurious  oount  data  tha 
counter  was  operated  at  a rate  suoh  that  the  ohanoe  of  a 
random  oount  oocurring  in  the  first  1000  psec*  of  any  trace 
was  negligible* 

The  distribution  of  spurious  oounts  displays  several 
points  of  interest*  In  the  first  plaoe,  it  is  evident  that 
a number  of  suoh  counts  occurred  before  the  first  ions  from 
the  preceding  discharge  had  reaohed  the  oathode  (i.e*  sooner 
than  250  pseo*  after  the  sweep  was  triggered)*  This  clearly 
indicates  that  not  all  spurious  oounts  are  related  to  the 
neutralization  of  positive  ions  at  the  oathode  , and  would 
seem  to  be  a result  either  of  the  Auger  effect,  or  of  the 


I 

j 

2 •=■66 

I • I 

omission  from  exoited  gas  atoms  of  photons  sufficiently 
energetic  to  eject  photo -eleotrons  from  the  counter  walls* 

The  occurrence  of  spurious  oounts  in  the  interval  from  0 to 
100  iisoo*  is  prohibited  by  the  100  iiseo*  dead-time  of  the 
counter* 

A seoond  point  of  interest  is  that  the  histogram  has 
a maximum  at  a time  coincident  with  the  peak  of  the  cathode 
ion-flux  psec.K  This  indicates  that  a part  of  the 

spurious  counts  are  associated  with  ion -impact  upon  the 
oathode.  It  Is,  however,  of  considewaVvi.e  i^ortanee  to  note 

i 

that  the  histogram  cuts  off  sharply  at  450  iiseo*  wher*a«  the 

ion^flux  of  a normal  disoharge  proceeds  with  gradual  abatement 

. 

until  about  700  pseoo  This  observation  is  very  difficult  to 

i I 

explain  on  any  basis  other  than  that  the  sheath  contains  ions 
of  at  least  two  distinct  mobilities  * The  outer  edge  of  the 
sheath  seems  to  contain  ions  of  a lype  which  has  a relatively 
strong  tendency  to  produce  spurious  oounts  upon  impact  whereas 
the  tall  of  the  sheath  is  comprised  of  another  olass  of  ions 
exhibiting  a much  smaller  tendency  to  release  eleotrons  from 
the  cathode  o If  the  sheath  is  indeed  not  homogeneous  In 
ionic  composition,  as  this  indicates,  there  is  very  good 
reason  for  expecting  the  observed  ion-flux  to  depart  more 
from  the  calculated  shape  than  the  prior  considerations  imply* 
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Positive  Ion-Mobilities 

The  above  discussion  indicates  that  one  should  not 
expeot  to  obtain  precise  values  of  ion-mobilities  with  data 
of  the  present  kind.  However,  one  may  get  some  rough  esti- 
mates by  inserting  in  Equation  4 measured -value a of  Y,  a,  b, 
m and  setting  T^  equal  to  the  time-axis  intersect  of  a 
straight  line  drawn  along  the  leading  edge  of  the  ion-pulse 
(se*  extrapolations  plotted  in  Figure  4 ) . In  the  upper  part 
of  Figure  3 are  plotted  values  of  the  mobility  computed  in 
this  mariner  for  gas  mixtures  A,  B,  and  C at  various  operating 
voltages.  The  K -values  remain  constant  against  voltage 
variations  of  the  order  of  20  per  cent.  It  is  a well-known 
faot  that  the  mobilities  of  ions  in  a given  mixture  of  pure 
gases  can  be  drastically  altered  by  adding  impurities  in 
concentration  no  greater  than  a few  parte  per  million,  and 
oan  also  depend  upon  the  age  of  the  ions.  As  no  drastic 
precautions  were  taken  to  avoid  Impurlty-oontaminat ion  in 
this  work,  there  is  a considerable  likelihood  that  impurity 
oonoentratione  of  a magnitude  suffioient  to  interfere  with 
the  mobility  of  the  quenching  gas-ions  were  present.  For 
this  and  other  reasons  the  mobility-values  given  here  must 
be  regarded  as  rather  crude  approximations. 
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Conclusions 

The  experimental  results  directly  oonfirm  Wilkinson’s 
prediction  that  the  ion-sheath  in  a G-M  counter  is  drastically 
thickened  during  its  transit  to  the  cathode  o Within  the  un- 
certainties associated  with  faotors  neglected  in  the  theory 
( s ogo  diffusion  and  inhomogeneous  ionic  composition)  the 
observed  ion-flux  pulses  are  in  acoord  with  the  predictions 
of  the  theory. 

The  ion-probe  method  utilised  in  the  present  work  is  a 
sensitive  means  of  determining  what  proportion  spurious  counts 
in  a given  type  of  counter  are  associated  with  positive  ion- 
lmpaot  at  the  oathode  and  under  oertaln  conditions  the  method 
can  indioate  the  presence  of  two  or  mors  groups  of  positive 
ions  possessing  different  mobilities. 
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II lo  LINEAR  ACCELERATOR. 

By  virtue  of  Improvement u whloh  bare  been  Introduced 
during  the  past  year,  the  linear  aooelerator  is  now  a 
very  satisfactory  tool  for  studies  of  the  interactions 
with  matter  of  electrons  having  energies  up  to  1.5  Her. 
Luring  this  period  the  bean -current  has  been  lnoreased 
approximately  a hundred-fold,  and  the  overall  stability  of 
the  machine  has  been  improved  to  such  an  extent  that  it  can 
now  be  maintained  in  almost  constant  operation  with  a 
minimum  of  attention. 

The  linear  aooelerator  is  now  being  utilised  primarily 
for  investigating  secondary  electron  emission  from  thin 
targets.  Various  aspects  of  this  phenomenon  have  been  con- 
sidered from  the  thearetloal  and  experimental  points  of 
vise  with  the  support  of  Contract  Hour  198(00)  with  the 
Offioe  of  Naval  Research  and  Contract  DA. -36-034 -0KQ-1216KD 
with  the  Offioe  of  Ordnance  Research . Although  certain 
phases,  far  example,  the  production  of  delta  rays  by  high 
energy  electron  bombardment  of  metals,  are  of  immediate 
Interest  in  the  broad  field  of  nuclear  physios,  the  sroport 
previously  provided  by  Contract  H6ori-144  is  not  required 
at  the  present  time.  The  detailed  description  of  this 
work  as  a portion  of  this  Annual  Report  has  therefore  bean 
discontinued  in  view  of  the  fact  that  periodic  reports  are 
submitted  under  the  aforesaid  contracts. 
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JOURNAL  OF  THE  FRAJKLIN  INSTITUTE. 
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ON  H.  ALFV£n<S  THEORY  OF  THE  EFFECT  OF  MAGNETIC  STORMS  ON  COSMIC 


RAY  INTENSITY 


by  W.  F.  G.  3wann 

Director,  Bartol  Research  Foundation  of  The  Franklin  Institute, 

Swarthmore,  Penna. 


Introduction 

x) 

H.  AlfVen  has  proposed  an  ingenious  theory  to  explain 


1)  H.  AlfVfcn,  Phya.  Rev.,  1732  (1949). 


the  effect  of  magnetic  storms  on  oosmie  ray  Intensity.  It  is  founded 

upon  the  assumption  that  a mass  of  highly  oondvicting  gas  originating 

in  a region  where  there  is  a largo  magnetic  field  emerges  as  a stream, 

carrying  the  magnetio  field  with  it  as  a result  of  its  high  conductivity. 

The  oase  is  considered  in  whloh  the  magnetisation  is  perpendicular  to 

the  velocity  of  the  stream.  In  which  case  the  motion  of  the  matter, 

in  its  own  magnetic  field  brings  about  a condition  in  which  a stationary 

observer  sees  a change  displacement  in  a direction  perpendioular  to  the 

2) 

velocity  and  to  the  magnetic  field.  Alfven's  theory,  as  presented,  is 


2)  In  all  that  follows,  we  shall  denote  by  S the  so-called  laboratory 
system  with  respeot  to  whloh  the  motion  is  observed.  3*  shall 
denote  a system  moving  with  the  gan.  The  velocity,  v,  shall  be 
parallel  to  the  cuds  of  x.  The  magnetic  field,  H,  shall  be 
along  the  axis  of  z which  shall  be  perpendioular  to  the  plane 
of  the  paper,  so  that  the  axis  of  y shall  be  in  the  plane  of  the 
paper  and  perpendioular  to  the  velocity. 


confined  to  the  oase  where  the  stream  of  gas  moves  in  a non- conduo ting 
medium,  and  our  discussion  will  be  limited,  in  the  first  instanoe,  to 
this  oase.  The  argument  of  AlfVen  is  to  the  effect  that  the  field 
along  the  axis  of  y is-vfi/C,  and  the  potential  change  of  a cosmic  ray 


2 


in  orossing  the  beam  is  vhfy'C,  where  h is  the  width  of  the  beam  and 
G is  the  velocity  of  light.  It  is  thus  concluded  that  if  T is  the 
kinetic  energy,  the  change  in  kinetic  energy  in  crossing  the  beam  is 
<f  T,  where 

6 T * vtaHe/C  (1) 

where  e is  the  charge  on  the  partiole. 

The  ohange  of  kinetio  energy  leads  to  an  expression  for  the 
ohange  of  oosmio  ray  intensity,  in  a manner  which  does  not  concern  us 

3) 

here,  sinoe  our  problem  inwlve;?  the  change  in  kinetic  energy,  and  in 


3)  Incidentally,  there  appears  to  be  an  error  in  Alf ven' s oaloulation 
of  the  relation  between  change  of  intensity  and  change  of  energy. 
This  matter  is  discussed  in  the  present  writer's  paper  "Cosmic 
Rays",  Journ.  Prank.  Inst.  2$1,  120-1  £5  (19^1).  See  in  particular 
pages  146-147. 


particular  the  relation  (1). 

Discussion  of  the  Theory 
Relativiatlo  Considerations: 

In  connection  with  the  derivation  and  implications  of 


equation  (1),  one  must  observe  that 


we  are  here  dealing  with  a problem 
in  whioh  the  magnetio  field  moves 
with  the  matter.  It  will  be  con- 
venient to  concentrate  our  attention 
upon  a finite  slab,  as  represented 
in  Pig.  1. 

Now  we  must  observe  that 
in  the  system  S’  which  moves  with 
the  slab,  there  is  no  eleotrio 
field,  but  only  a magnetio  field* 


3 


As  a consequenoe,  the  cosmic  ray  partiole  never  gains  any  energy  in 

4) 

terms  of  measurements  made  in  S'.IfW  is  the  energy  of  the  partiole 

p 

4)  It  is  to  be  observed  that  T = W - ihq  C 

and  M the  moroentisn,  we  have  that  M , M , M , iw/C  constitutes  a 1;- vector, 
5)  x y z 

Thua  WU^,  ^ y • *'w/c  constitutes  a 4“v®ctor  where  U Is  the  velocity 

5)  The  essentials  of  the  derivation  immediately  following  are  given 
In  my  paper  cited  binder  footnote  3)°  See  page  134* 


of  the  cosmic  ray  particle  in  S.  Thus  if  dashed  letters  refer  to  the 
system  3',,  and  if  0 = (1  - v^/C2)’1^2, 


W « p(W  4-  vTJ'  W’  ) 
X 


(2) 


If,  in  the  system  S‘,  the  particle  experiences  a change  in 
u',  from  U'  to  U*  , then  since  W*  does  not  change  in  3*,  we  shall 

* XX  Xu 


have  a change  in  W,  given  by  Wg  - W^,  where 

H.  - W.  - (Ui2  - Dil)v 
2 1 ? 


(3) 


How  the  greatest  possible  value  of  U»  « U*  is  + 2C,  Thus, 

x2  xl  “ 


if  \ isi  the  absolute  value  of  the  change  of  W,  we  have 


Prom  (2) 


I w2  - Wjl  < 


vU'i 

W,  = pw»  (1  4-  — Si  ) 
1 K C* 


(4) 


Ivu  « wi  < 2V,1  v 

* C(1  ) 


so  that 


Now  the  smallest  possible  value  of  (1  + vTJJ^/C*)  la  (1  ~ v^/C2)  = p“*\ 


Hence 


lwP  - wJ<2P  W1  V 


|T2  ~ Txl  <£L I (Tx  ♦ m0  C2) 


and  unless  v is  comparable  with  C 


iT2  * Tl)<01  (T1  + "o  cZ)  (6) 

Alfv^n’s  Numerical  Conclusions: 

rj 

Now  Alfven  considers  a cosmic  ray  of  energy  ?.xlQi0  e.v„, 

and  demands,  through  his  formula  (1)  a ten  percent  change,  with 

h = 5x1 012,  v - 2x10®  oms/seo.  He  finds  H = 3*10”^. 


With  the  above  value  of  v,  the  quantity  p Is  practically 
unity,  and  our  formula  (b)  gives 


< 1.37xl0*2 

Thus,  AlfvSn,  from  the  aforesaid  data,  calculates  a 
10  percent  change  in  T,  and  we  have  shown  that  the  maximum  possible 
change  is  1.37  percent.  Moreover,  in  calculating  the  value  we  have 
not  had  occasion  to  utilize  any  quantity  but  v.  What  is  tho  origin 
of  the  discrepancy  in  this  matter? 


Origin  of  the  Dlsorepanoy: 

It  will  be  shown  that  the  aforesaid  discrepancy  lies  chiefly 
in  the  fact  that  Alfven1  a magnetic  field  H = 3xl0"'^  would  never  allow 
a oosmio  ray  particle  to  pass  through  the  slab.  The  easiest  way  to 
see  this  is  from  consideration  of  radius  of  curvature.  Let  ua  consider 


So 


matters  in  S’.  If  /*  is  the  radius  of  curvature  of  our  cosmic  ray  in 
the  field  H',  we  have,  if  m is  the  relativistic  mass, 

re  V'2  H*e  U' 

= 

g-SL-S.  bsl£/I^  = w / u*  \ m 

r H'e  H»e  \C  / H7e  \ jr”/ 

/°  < W'/H'e 

For  W*  = 3x10*®  e.v.  and  H * 3x10“^ 

3 00x3x1 CT*  3 


6)  We  need  not  concern  ourselves  with  the  difference  between  W'  and  W 
in  the  calculation. 


Thus  the  radius  of  curvature  is  fifteen  times  less  than  the 
thickness  (5x10*2  CIMI)  assumed  for  the  slab.  A particle  entering  the 
slab  in  3*  could  not  possibly  travel  a dlstanos  greater  than  para- 
llel to  the  axis  of  y before  returning  and  emerging  from  the 

slab.  Thus,  no  particle  can  penetrate  right  through  the  slab  under  the 
conditions  oited.  No  second  or  third  "try"  in  the  event  of  the 
particle's  seeking  re-entry  can  be  any  more  successful.  Thus,  the 
example  cited  by  Alfv^n  represents  a situation  impossible  of  realization. 

It  is  of  Interest  to  trace  the  above  story  by  another  path 
starting  with  Alf van's  expression  (1),  viz. 

rf  T = vhHg 
C 

which  we  must  assume  to  certainly  fail  If  h>2^>  . Since 

H,  = (3<H 2f  “ * Ey')  = pH,' 

4 T = pvhH'e 
C 


(8) 
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Now  we  can  substitute  for  He*  in  terms  of  p by  using  (7)-  Thus 

0 W»  U»  v h 

<f  T increases  with  inorease  of  h,  and  its  maximum  value  is  reached  when 
h « dp  t thus 


fT  < Q-1  (f:-)W’<  W ( 

which  is  the  same  as  the  result  {I4.)  obtained  directly  from  the  rela- 
tivity transformation. 


Correction  between  relativistic  formula  and  Alfven«s  formula  when  the 
latter  la  applicable. 

On  the  other  hand,  we  oan  show  that  if  the  conditions  of 
tallness  of  change  of  energy  is  satisfied,  then  Alfvfcn‘s  result  follows 

from  the  relativity  transformation.  Thus  if  0.^  is  the  angle  made  by 

1 

the  ooamlo  ray  with  the  plane  of  the  slab  at  entrance  in  3*  and  0 ^ is 
the  angle  made  at  emergence,  when  emergence  occurs,  we  have,  referring 

o 

to  (3) 

- TJ^  *=  u*  Cos  - U*  Cos 


Now,  if  ds*  la  an  element  of  path  in  the  slab 


dy  « sin  O'  da1  * ^osin  ©'  dO* 

where  p is  the  radius  of  curvature,  which,  in  this  oase,  is  oonstant. 
Thus 


Mow 

Hence, 


— h * />  (Cos  O'  - Cos  ©a ) 
2 1 


m U2  _ H'  e TI»2 
-7T- 3 ' 


from  (10)  and  (11) 


H 0 h s He  h 
mC  w 1 


C 


(10) 

(ID 


so  that  (3),  which  is  derived  from  relativity,  yields 


W2  - ¥X 


0 H1  e h v 


v 
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or,  since,  from  (8),  c p K 

>T2  - Txl  -\HZ  - Wx|  - - *gh  T (12) 

which  Is  A If van5 3 result  limited  however,  as  aforesaid,  to  an  upper 
limit  defined  by  (5),  a limit  which  amounts  to  a fraotion  2v/C  of 
the  energy  Itself,  and  which  is  In  general  much  less  than  10  percent , 
No  aeaiaaptlon  of  large  magnetic  field  or  large  value  of  h can  enable 
(Wg  « W1)  to  assigns  a value  larger  than  that  determined  by  (5), 


s 

i 

I 

ft 

W 

I 

& 


It  Is  of  some  interest  to  inquire  how  the  relativity  trans- 

the 

formation  symbolised  by  its  results  in  (5)  seems  to  "know*  of/impossi» 
bility  of  penetrating  the  slab  under  the  conditions  stated.  The  fact 
is  that  the  transformation  from  the  pure  magnetic  field  in  S*  to  tho 
combined  electric  and  magnetic  fields  E and  H lr.  S is  one  obeying 
relativity.  Also  the  force  equation  of  electrodynamics  whioh  tells 
us  that  there  is  no  gain  of  energy  of  the  particle  In  S'  while  there 
may  be  a loss  or  gain  In  3 is  also  an  equation  obeying  relativity; 
and  If  these  equations  had  permitted  the  passage  of  the  particle  through 
the  slab  under  conditions  In  which  (1£)  had  given  a greater  value  of 
Wg  - W1  than  was  permitted  by  (f>),  an  algebraical  inconsistency  would 
have  been  involved. 


Case  of  a Continuous  Beam. 

In  Alfven's  paper,  he  assumes  a continuous  stream  of  gas 

1 

emerging  from  the  sun.  If  such  a gas  spreads  on  its  Journey,  the 

i 

value  of  v will  vary.  This  appears  at  first  sight  to  introduce  a 

. 

complication.  However,  the  complication  is  obviously  trivial  as 
regards  Its  practical  effects.  Thus,  consider  any  portion  of  tbs  beam 

a 

through  whioh  the  path  of  a oosmlo  ray  p&rtlole  is  contemplated.  If 

r* i 

S 


S'  applies  to  this  portion  of  the  bosun,  and  if  ▼ is  its  velocity,  tbs 

notion  in  3'  will  be  determined  by  the  magnetic  field  in  S'  and  by  an 

elsotrlo  field  whloh  cones  essentially  from  the  change  displacement 

7) 

in  other  parts  of  the  beam  nhloh  do  not  move  with  the  velocity  r.  The 
7)  There  is,  of  oourse.  no  charge  displacement  in  S'. 


field  produced  in  S'  by  these  displacements  amounting  as  it  does  to  the 
field  produoed  by  the  oharges  on  a "condenser"  when  evaluated  outside 
of  the  region  between  the  plates  of  the  o end  sneer  will  be  negligible 
for  our  purposes o A formal,  exact,  analysis  of  all  that  is  hare 
involved  would  result  in  a lengthy  presentation  whose  end  point  would, 
in  the  nature  of  things,  involve  but  a small  correction  on  tbs  con- 
clusions which  would  bs  drawn  by  ignoring  it* 
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CASE  WHERE  THE  SLAB  MOVES  IN  A CONDUCTING  MEDIUM 

Limiting  oa8e  of  infinite  conductivity.  The  fact  that  we 

have  supposed  the  slab  to  carry  Its  internal  magnetio  field  with  it 

demands,  for  logical  oonsistenoy,  that  the  external  medium,  if 

infinitely  conducting,  shall  resist  ohange  of  magnetic  field  within 

Itself  to  the  extent  that  the  magnetic  field  H remains  aero  everywhere 

outside  of  the  slab  as  viewed  in  the  system  S.  If  the  conductivity 

of  the  region  external  to  the  slab  is  ohmic  as  viewed  in  S,  then  even 

though  in  the  limit  It  tends  to  infinity,  no  apace  charge  will  arise 

8) 

in  S,  and  consequently  by  the  relativity  transformation,  there  will 


8)  Some  care  Is  necessary  in  drawing  this  conclusion,  as  Is 
evldenoed  by  the  fact  that  a system  which  viewed  from  S appears  as 
a uniformly  magnetized  sphere,  appears  in  the  other  system  as  having 
in  addition  equal  and  opposite  oharge  densities  displaced  along  a line 
perpendicular  to  the  magnetic  induction  in  the  sphere  and  to  the 
velocity,  v.  It  will,  in  fact,  be  recalled  that  If  U is  the  veotor 
potential,  and  $ the  scalar  potential,  U,  14*  constitute  a 4- vector, 
so  that  the  zero  value  of  4 in  one  system  does  not  guarantee  4^  3 0 
for  the  other  system.  The  apparent  paradox  in  relation  to  the  invarlanoe 
of  total  charge  becomes  resolved  as  follows? 

The  densities  p and y0l  for  a given  sign  of  eleotricity,  let 
us  a ay  negative,  are  related  in  the  two  systems  by 

, v 

/2  * P ft  (1  - > 

where  Uy,  is  the  velocity  in  the  system  x. 

Suppose  now  we  superpose  a positive  density  />+  in  s,  such 
that  » 0.  We  shall  have 


10. 


vup  v 

r;  ■ P/J  (1  - -£F-  ) 

Then 

* p[/«u  - ) +^S.  (1  - SsSjI  )j 

- - fl  </?  V+«  uxl>] 

Hence,  if,  and  only  if  ( + /£  ^ ) * 0,  can  we  oonolude  that 

+jo  e 0 follows  from  i /J.  + ) ■ 0 » In  cur  present  problem,  since 

H « 0 In  S,  curl  H » 0 and  the  total  ourrent  density  ( jt>  + j0  u.^) 
is  zero,  and  the  desired  result  follows. 


be  no  space  density  in  S'.  The  only  oharge  of  any  kind  will  be  on 

the  surfaoe  of  the  slab.  From  symmetry  the  only  possible  surfaoe 

9)  , , . 

oharge  will  be  a density  cr  at  y ■ h/2  and  -<r  at  y * -h/2. 

9)<r  will  be  sensibly  oonatant  except  near  the  edges  of  the  slab. 


The  field  oonxponent.  Ey£  in  S*  Just  outside  the  slab  at  its 

mid-point  will  be  a small  negative  fraction  -£  of  the  field  inside 

the  slab  whioh  is  . Thus  E * * ijatcr*. 

yo 

If  X^  is  the  conductivity  within  the  slab,  the  y component 
of  the  ourrent  density  at  x « h/2  will  be  -Jjscrj  Xi,  The  corresponding 

10 ) y 

component  otitside  will  be  (K  • + (f  Thus 


10)  Observe  that  v «•  -v 


we  must  have 


-1^  «r  Xx 


/ I 


(12) 


Now  sines'"  K is  zero  at  all  points  outside  the  slab  as  mea- 


sured in  S,  we  have  for  a point  outside  the  slab 

0 «=  H#  «*  p(Ha»  - £ Ey«) 


Thus 


H_V 

*u 


v^ 

C? 


(4*  t a-'  ) 


(13) 


Thus  from  (12) 

v2 

— Ust  cr « X1  c l|®  i (1  - -ey  ) X2  (14) 

C 

However,  this  is  a relation  between  X^  and  X^  which  depends  upon  b.  and 

v only,  end  these  quantities  have  nothing  to  do  with  the  conductivity 

11) 

of  the  media.  'The  only  possibility  is  represented  by  cr»  =0,  which 
permits  (14)  to  hold  with  any  assignment  of  the  ratio  X^/X^. 


11)*  We  again  remark  that  such  a relation  as  (12)  has  sense  as  X^  and 
Xg  both  tend  to  infinity. 


If  a*1  » 0,  we  have,  of  course  E,=E,=E*=0at  all 

x y z 

points  outside  the  slab.  As  a consequence.,  in  the  same  region  H 1 = 0 

z 

on  account  of  (13),  and  Hy1  * 0 because 

0 « Hy  * p(HyJ  + £ E * ) 

Moreover  H * - R * 0. 

X X 

The  fact  that  the  state  of  no  electric  or  magnetic. field 
outside  of  the  slab  in  either  3 or  S»  constitutes  a solution  of  the 
problem  is  obvious  by  direct  inspection,  since  it  calls  for  no  currents 
outside  the  slab  in  S'  resulting  from  the  motion  of  that  slab.  Inside 
the  slab  itself  there  is  nothing  but  a magnetic  field,  and  the  whole 
problem  reverts  completely  to  the  problem  we  have  already  considered 
when  we  attributed  zero  conductivity  to  the  medium  outside  of  the  slab. 


12, 


The  conclusions  are  exactly  the  same. 

How  la  the  oonditlon  of  zero  external  field  r eallzed  An  31? 

It  la  of  Interest  to  Inquire  how  It  can  eome  about  that  the 

"magnetized"  slab  can  exist  in  the  external  medium  which  itself  shows 

in  the  simple  case, 

no  magnetic  field  in  either  S or  S'.  The  fact  is  that,/%he  magnetic 
field  In  the  slab  demands  a current  sheet  circulating  around  its 
bount'ary  in  planes  perpendicular  to  the  axis  of  z.  This  sheet 
In  itself  would  call  for  a return  magnetic  flux  outside  the  slab,  a 
flux  which  was  small  in  amount  at  any  point  but  widely  spread  out  so 
that  its  total  integrated  value  was  equal  to  the  total  flux  through 
the  slab*  Now  the  phenomenon  which  provides  for  the  cancellation  of 
the  magnetic  field  outside  the  slab  is  another  current  sheet  flowing  in 
the  reverse  sense  outside  the  first  one  and  again  in  planes  perpendi- 
cular to  the  axes  of  z.  If  these  two  ourrent  sheets  have  different 

12) 

cross-sectional  areas,  they  can  cancel  as  regards  production  of 
magnetic  field  outside  the  intermost,  but  give  a resultant  uniform 
field  inaide  the  smaller.  In  the  limit,  when  the  curzents  are 
inf lnltely  large,  their  oross-seotions  can  afford  to  differ  by  only 

12}  We  refer  here  to  the  cross-section  of  the  whole"solenoid 
structure"  which  constitutes  such  a sheet.  This  cross-sectional 
area  Is,  of  course,  sensibly  equal  to  that  of  the  slab. 

infinitesimal  amounts,  and  this  condition  represents  the  limiting  one 
applicable  for  infinite  conduction  in  the  medium  external  to  the  slab. 

In  case  this  above  picture  presents  any  difficulty,  we  may 
olte  the  particular  simple  example  of  a uniformly  charged  rotating 


- r 


Id. 


sphere.  We  shall  not  trace  the  dotails  of  calculation  for  this  case, 
which  are  elementary,  and  generally  known,  such  a sphere  gives,  at 
points  outside  a magnetic  potential  -fL,  whare 

r.  - H-gga-g 

Hero  M « .Tea1*,  where  o-ia  the  surface  density  In  e.ra.u. , a Is  the 
angular  velocity  and  a is  the  radius. 

The  field  inside  is  uniform  and  is  given  by  H,  where 
H = 

a-3 

It  will  thus  be  seen  that  if  we  have  two  spheres  of  radii  a , and  a 

i 2 

with  o-*s  adjusted  so  that  M,  ® -Mg  these  spheres  will  cancel  as 
regards  magnetic  field  outside  of  the  larger,  while  inside  the  smaller 
they  will  have  a resultant  mapnetic  field  given  by 

% - «2  * 2M  <rj  - A) 

1 2 

al  “ a2  is  small  (=  <f  a)  we  may  write 

„ _ -6m £ a 

n,  « H_  - — ’ v ■■ 


Gass  where  conductivities  and  are  finite. 
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13)  The  effect  of  finite  conductivity  has  been  discussed  in  the 
writer’s  paper  "Cosmic  Rays”,  Journ.  Franklin  Inst.  251,  120-155  (1.951) » 
The  conclusions  drawn  at  the  bottom  of  p.  134  and  the  top  of  p„  135 
require  correction  in  tho  light  of  the  development  in  the  present  paper* 

The  complete  problem  here  involved  can  become  one  of  consider^ 
able  complexity*  The  currents  arising  from  the  motion  will  affect  the 
magnetic  field,  moreover  the  charge  distributions  arising  on  the  slab 
to  provide  for  continuity  of  current  flow  across  the  slab  boundaries 
will  bring  about  a-components  of  tho  current  density  at  any  rate  in 


Ik 


o 
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regions  remote  rrom  the  central  regions  and  will  destroy  even  the 
oonolusion  that  the  volume  charge  density  shall  he  aero  in  3 if  it  is 

sere  in  S*  and  vioe-versa,  \ 

't 

We  shall  not  attempt  an  exhaustive  solution  of  the  problem, 
but  shall  content  ourselves  with  a kind  of  model  founded  upon  the 

I 

considerations  represented  in  equation  (13),  but  without  the  restric- 
tion that  the  magnetic  field  shall  be  zero  in  s for  points  external  to 
the  slab. 

We  have  in  S a slab  with  face  A at  potential  v/2  and  faoe  B 
at  potential  -v/2  respectively.  A and  B being  at  x » h/2  and  z - - h/2 
respectively.  Outside  the  slab,  the  ourrent  density  is  determined 
entirely  by  the  field  arising  from  this  potential  difference.  Inside 
the  slab  we  have  a force  per  unit  charge  given  by  E^  - vH^.  The 
line  Integral  of  the  external  field  from  A to  B is  V.  The  line  integral 
of  the  internal  total  force  per  unit  charge  from  B to  A is  -V  - vHh/C. 


Suppose  Re  is  the  ordinary  external  resistance  which  would 
be  measured  between  the  two  surfaces  of  the  slab,  if  the  slab  Itself 
were  of  aero  conductivity,  end  Rj  the  resistance  which  would  be 
measured  if  the  conductivity  of  the  external  medium  were  zero.  Then 
we  have  V 


- V - vHh/C 
Ri 


(15) 


Hence, 


1 1 
v<  r.  * r r> 


-vHh 
C R, 


-( 


R, 


Ri + R. 


vHh 

“TT 


The  field  E inside  the  slab  is 


E 


RA  ♦ R* 


) Z5 
c 


(16) 
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Till  a haa  Its  largest  value  E = vE/C  when  n « whloh  represents  the 
ease  first  dlsoussed  In  this  pwer  and  the  result  given  by  Alfven.  We 
have  already  studied  the  other  extreme  where  R * 0 and  where  there  is 
no  magnetic  field  external  to  the  slab  as  observed  in  S.  In  this  oaae 
the  result  E « vB/C  also  evolves.  We  oan  form  a quaai-quantative 
pioture  of  the  intermediate  as  follows) 

It  ia  easy  to  see  that  the  induced  currents  external  to  the 
slab  tend  to  reduoe  the  field  whloh  would  have  been  present  in  their 
absence.  They  reduoe  the  field  not  only  in  the  lateral  region,  but  in 
the  interior  of  the  slab.  Thus  the  field  H in  (16)  is  really  too  large, 
and  it  represents  the  field  aotually  in  the  slab,  (16)  should  be 
multiplied  by  a factor  greater  than  unity.  While  we  have  not  traoed 
everything  in  detail, “it  is  reasonably  obvious  that  the  net  effect  will 
result  In  a value  of  E whloh  is  never  greater  than  the  value  vS/c 
where  H is  the  actual  field  in  the  slab.  This  result  being  attained 

exactly  In  the  two  unity  oases  where  R ■ oo  and  where  R ■ 0 respectively 

0 “ 
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The  rati  lor. '“tide  As11  has  been  shown  by  scintillation  spectrometry  to  emit  gamma  rays  of  energies 
32,  87,  160,  247,  270,  and  520  ktv.  It  is  estimated  that  these  quanta  are  associated  with  beta-ray  branches 
totaling  about  2.5  percent  of  the  total  beta  radiation.  The  continuous  gamma-ray  spectrum  accompanying 
orbital  electron  capture  in  Ge"  has  been  shown  to  hav : an  e id  point  at  225 ±12  kev.  Log/;  is  calculated  to  be 
4.4(4/ -0,  1;  no),  consistent  with  an  assignment  o',  spin  j to  the  ground  state  of  Gen  in  accord  with  the 
theory  of  the  shell  model. 

Some  data  relative  to  gamma  rays  from  Os'*  and  GeTT  are  included. 


/ 
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INTRODUCTION 

WITH  the  advent  of  scintillation  counting, 
sensitivities  of  detection  have  become  available 
for  nuclear  investigations  which  make  possible  the 
detection  df  gamma  rays  of  intensity  several  orders  of 
magnitude  less  than  that  previously  observable  by  the 
earlier  methods.  Accordingly,  it  has  been  decided  to 
reexamine  "pure”  beta-ray  emitters  in  search  of  faint 
gamma  radiation.  The  results  of  some  researches  in 
this  direction  are  presented  in  connection  with  the  decay 
of  the  40-hr  As”  along  with  some  measurements 
relating  to  the  continuous  gamma-ray  spectrum  of  the 
11-day  Gen. 

ARSENIC  77 

The  beta  rays  of  As”  have  been  shown  to  have  a 
maximum  energy  of  0.700±0.007  Mev.‘*  Very  early 
measurements’-1  gave  evidence  of  no  detectable  gamma 
radiation.  The  residual  nucleus  is  Se”,  which  is  also 
produced4  by  orbital  electron  capture  in  Br”.  Gamma 
rays  having  quantum  energies  of  160,  237  , 284,  298, 
520,  641,  and  813  kev  have  been  observed4  to  follow 

* Assisted  by  the  joint  program  of  the  U.  S.  Office  of  Naval 
Research  and  the  U.  S.  Atomic  Energy  Commission. 

f A preliminary  account  of  these  results  was  presented  at  the 
Conference  on  Nuclear  Spectroscopy  and  the  Shell  Mode!  of  the 
Nucleus,  Indiana  University,  May  14-16,  1953,  and  also  in  Hull. 
Am.  Phys.  Soc.  28,  No.  4,  12  (1953). 

I On  leave  of  absence  tTom  Agra  College,  Agra,  India. 
{Permanent  address,  Mortna  (M.B.),  Inuik. 

1 R.  Canada  and  A.  C.  G.  Mitchell,  Phys.  Rev.  81,  485  (1951). 
* U.  S.  Atomic  Energy  Commission  Catalog  and  Price  List  No.  3, 
March  !.  )947,  September  1, 1947,  and  No.  3,  July,  1949,  describe 
the  number  of  gamma  rays  emitted  by  As”  as  “none.”  This  de- 
scription may  be  based  upon  the  measurements  of  E.  P.  Steinberg 
anti  D.  W.  Engelkemir,  Radiochemical  Studies:  The  Fission  Prod- 
ucts (McGraw-Hill  Book  Company,  New  York,  1950),  Paper  No. 
54,  National  Nuclear  Energy  Senes,  Plutonium  Project  Record, 
Vol.  9,  Div.  IV,  who  mention  no  detectable  gamma  rays  from  As,T. 

* Msndeville,  Woo,  Scherb,  Keighton,  and  Shapiro,  Phys.  Rev. 
75,  1528  (1949),  stated  in  the  introduction  of  their  paper  that 
As”  emits  no  gamma  rays.  This  remark  was  a citation  cf  the 
comments  of  reference  2.  There  are  no  published  data  in  the  paper 
by  Mtndeville  ei  al.  relating  to  the  gamma  rays  of  As".  How-ver, 
an  unpublished  beta-ray  absorption  curve  was  obtained  by  Mande- 
ville  et  al.  to  find  the  absor^o™  limit,  and  no  gamma-rays  were 
detected  in  a Geiger  counter  beyond  the  beta-ray  end  point.  The 
present  writers  couid  detect  several  hundred  counts  per  minute, 
gamma  rays  from  As",  in  a Geiger  counter  shielded  from  the 
beta  rays  in  the  presence  of  a relatively  intense  pile-produced 
source. 

4R.  Canada  and  A.  C G.  Mitchell,  Phys.  Rev.  83,  953  (195i). 


K capture  in  Br”,  indicating  energy  levels  in  Se”  as 
shown  in  Fig.  1. 

For  the  purposes  of  the  present  investigation,  As77 
was  grown  from  its  12-hr  parent,  Ge”,  when  GeO,  was 
irradiated  by  slow  neutrons  in  the  Oak  Ridge  pile. 
The  energy  spectrum  of  the  gamma  rays  of  As77  as 
determined  from  the  pulse  height  distribution  resulting 
from  gamma  rays  on  Nal(Tl)  is  shown  in  Fig.  2.  This 
distribution  was  observed  on  twelve  occasions  over  a 
time  of  four  hail-periods,  and  the  ordinates  of  the  spec- 
trum were  found  to  decay  at  all  points  with  a half- 
period oi  40  hr,  that  of  As77.  Measurements  were  not 
commenced  until  sufficient  time  had  elapsed  to  make 
negligible  the  12-hr  Ge”.  Moreover,  the  measurements 
on  As77  were  always  preceded  by  a chemical  separation 
of  arsenic  from  germanium.  The  energies,  with  an 
estimated  accuracy  of  five  percent,  are  87,  160,  247, 
and  520  kev,  with  approximate  relative  intensities  of 
3,  1,  20,  and  6,  respectively. 


6.  ” 


Fio.  1.  Disintegration  scheme  for  As"  and  Br". 
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RADIATIONS  FROM  As”  AND  G e 7 


Gamma-gamma  coincidences  were  measured  in  two 
scintillation  counters  in  coincidence.  The  coincidence 
rate  was  noted  for  various  settings  of  integral  pulse- 
height  discriminators  in  either  channel.  From  the  data, 
it  was  found  that  the  coincidence  rate  decreased  as  the 
discriminator  setting  in  one  channel  was  increased, 
until  when  the  discrimination  level  was  greater  than  the 
height  of  pulses  in  the  photoelectric  peak  of  a 270-kev 
gamma  ray,  all  genuine  gamma-gamma  coincidences 
ceased.  With  both  integral  pulse-height  discriminators 
set  to  pass  pulses  only  of  height  corresponding  to  247 
kev  or  more,  a considerable  number  of  genuine  gamma- 
gamma  coincidences  remained,  suggesting  that  the 
intense  247-kev  line  is  complex.  To  locate  accurately 
the  photoelectric  peak  of  the  radiation  in  cascade  with 
the  247-kev  gamma  ray,  the  pulses  from  either  photo- 
tube were  passed  through  single  channel  differential 
pulse-height  discriminators,  one  set  at  the  photopeak 
of  the  247-kev  line.  As  the  base  line  of  the  coincident 


Fig.  2.  IAilse-height  distribution  of  gamma  rays 
from  As77  on  Nal-TI. 


differential  pulse-height  discriminator  was  raised  above 
247  kev,  the  gamma-gamma  coincidence  rate  was 
found  to  have  a maximum  at  270  kev,  giving  the  loca- 
tion in  energy  of  the  photopeak  of  the  gamma  ray  in 
cascade  with  the  247-kev  line.  From  the  single  counting 
rates  in  either  channel  and  the  gamma-gamma  coin- 
cidence rate,  the  intensity  of  the  270-kev  gamma  ray 
relative  to  that  of  the  247-kcv  line  was  estimated  to  be 
two  percent.  In  subsequent  measurements,  a gamma 
ray  at  32  kev,  not  shown  in  Fig.  2,  was  detected.  The 
gamma  ray  at  520  kev  was  found  to  be  noncoincident 
with  the  other  quantum  radiations.  . The  cascade 
relation  between  the  various  gamma  rays  as  indicated 
by  the  coincidence  experiments  Is  shown  in  Fig.  1. 

'The  absolute  intensity  of  the  beta  rays  of  As”  was 
measured  in  a thin-walled  Geiger  counter  (window 
thickness  3 mg/cms),  and  the  intensities  of  the  gamma 
rays  were  estimated  from  the  areas  under  the  photo- 
electric peaks  and  the  calculated  efficiency  of  the 
sodium  iodide  crystal.  From  the  energies  and  relative 


Fio.  3.  Pulse-height  distribution  arising  from  the  gamma-my 
continuum  of  Ge7,-t-f-*Ga7,+ij+y. 

intensities  of  the  gamma  rays,  the  values  of  log  fi  for 
the  associated  beta-ray  spectra  were  calculated  in  the 
order  of  ascending  energy  to  be  6.6,  7.2,  and  5.7,  the 
latter  value  referring  to  the  beta  spectrum  leading  to 
the  ground  state  of  Se77.  Thus,  the  ground-state 
transition  is  allowed,  and  the  remaining  two  spectra  are 
first  forbidden.  Beta-gamma  coincidences  were  meas- 
urable between  the  inner  spectrum  at  0.44  Mev  and  the 
247-kev  g— — — “ nv y. 

As  previously  indicated,  the  gamma-ray  energy 
measurements  and  coincidence  data  have  been  combined 
with  those  of  Canada  and  Mitchell4  to  give  the  decay 
scheme  of  Fig.  1.  As74  is  known  to  have  a spin  of  f. 
Since  As77  differs  from  As7‘  by  two  neutrons,  its  ground 
state  orbital  is  assumed  to  be  P\  in  agreement  with  the 
prediction  of  the  nuclear  shell  model.  The  spin  of  Se77 
has  been  shown*  to  be  $.  Therefore,  the  beta  spectrum 
at  D.700±0.007  Mev  (noncoincident  with  gamma  rays, 
log  ft— 5.7)  is  properly  characterized  by*  p|— +/>j(A7 « 1, 
no).  The  160-kev  metastable  state  has  been  classified7  as 
being  the  initial  state  of  an  E3  transition  with  spin  7/2+. 
The  values  of  log  jl  for  the  two  inner  beta  spectra 
correspond  to  (A/  = 0.  1 ; yes,)  ruling  out  the  possibility 
that  either  of  them  terminate  at  a level  in  Se77  of  spin 
9/2.  Assignment  of  spins  to  the  remaining  excited  levels 
of  Se77  shown  in  Fig.  1 is  made  difficult,  because  of  the 
great  number  of  configuration  levels  which  can  resui* 
from  (g I/O*. 

GERMANIUM  71 

The  radiations  of  Ge71  have  been  shown  to  include 
no  charged  particles  or  monoenergic  nuclear  gamma 
rays.*'M  This  activity  decays  solely  by  orbital  electron 

• S.  P.  Davis  and  F.  A.  Jenkins,  Phys.  Rev.  83,  1269  (194!) 

• Mayer,  Mosikowski  and  Nordheim,  Revs.  Modem  Phys.  23, 
315  (1951). 

• M.  Gokthaber  and  A.  W.  Sunyar,  Phys.  Rev.  83,  906  (1951). 

• Seren,  Fried  lander,  and  Turkel,  Phys.  Rev.  72,  8 38  (1947). 

• McCown,  Woodward,  and  Poo!,  Phys.  Rev.  74,  1311  (1948). 
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Fig.  4.  Fermi  plot  of  !hs  gamma  ray  spectrum  of  Ge71, 


capture.  It  has  been  shewn  theoretically19  that  a small 
fraction  of  /f -capture  disintegrations  are  accompanied 
by  emission  of  a continuum  of  quanta  and  corresponding 
continuum  of  neutrinos  rather  than  the  usual  mono- 
energic  neutrino.  Examples  of  this  mode  of  decay  have 
been  found11,1*  in  FcM  and  in  argon  37. 11  Since  Ge71 
decays  only  by  X capture  and  always  to  the  ground 
state  of  Ga71,  it  was  thought  to  offer  an  excellent 
opportunity  for  the  detection  of  its  related  gamma-ray 
continuum.  Accordingly,  Ge71  produced  by  slow  neutron 
capture  in  the  Oak  Ridge  pile  was  studied. 

The  pulse-height  distribution  of  the  continuous 
gamma-ray  spectrum  of  Ge71  is  shown  in  Fig.  3.  The 
Fermi  plot  of  the  data  of  Fig.  3,  given  in  Fig.  4,  yields 
an  end  point  of  22S±!2  kev.  Because  of  the  low  specific 
gamma-ray  activity  of  the  source  of  Ge71,  it  was 
necessary  to  employ  a relatively  thick,  broad,  source  of 
irradiated  GeOi.  Consequently,  the  points  of  Fig.  3 
were  not  corrected  for  absorption,  instrumental  resolu- 
tion, or  detection  efficiency  as  a function  of  gamma-ray 
energy.  The  energy  of  disintegration  of  Ge71  to  Ga71  by 
K capture  is,  of  course,  equal  to  the  end  point  of  the 
continuum. 

The  spin  of  the  ground  state  of  Ga71  has  been  meas- 
ured14 and  found  to  be  §.  The  spin  of  Ge71  is  predicted 
by  the  shell  model11  to  be  P\.  From  the  end  point  of 
Fig.  4,  log  ft  is  4.4,  and  the  transition  is  allowed  (A/=*0, 
dbl ; no),  consistent  with  the  shell  model  prediction. 
These  interpretations  and  data  are  summarized  in  the 
decay  scheme  of  Fig.  S. 

If  the  ground-state  spin  cf  Ge7’  is  :•  to  be  p|,  the 
shell  model  theory  indicates  that  an  isomeric  level 
should  be  present  in  Ge71  of  spin  gg  j,  giving  rise  to  an 

*P.  Morrison  and  L.  I.  Schiff,  Phys.  Rev.  58,  24  (1940);  J.  M. 
Jauch,  Oak  Ridge  National  Laboratory  Report  1102  (1951). 

11  Bradt,  Gugelot,  Huber,  Medicus,  Preiswerk,  Scherrer,  and 
Steffen,  Helv.  Phys.  Acta  19,  222  (1946);  D.  Maeder  and  P. 
Preiswerk,  Phys.  Rev  84,  595  (1951) 

“ Bell,  Janch,  and  Cassidy,  Sc:ence  115,  12  (iv52). 

» C.  E.  Anderson,  Phys.  Rev  87,  668  (1952). 

“ J.  S.  Campbell,  Nature  131.  204  (1933). 

»»M.  G.  Mayer,  Phvs.  Rev.  78,  16  (1950). 


Fig.  5.  Decay  of  Ge71. 


MA  transition.  This  gamma  ray  has  apparently  not 
yet  been  observer'. 

OSMIUM  193  AND  GERMANIUM  77 

The  gamma  rays  of  Os1,*(7'=32  hr)  have  been 
studied  by  Swan  and  Hill,1*  who  find  a gamma  ray  at 
72.4  kev.  Indications  of  gamma  rays  at  215,  323,  and 
460  kev  were  reported  by  them,1*  but  they  were  not. 
definitely  assigned  to  Os,w.  Very  recently,17  Cork  et  d. 
have  re-examined  the  gamma  rays  of  Os1**  and  found 
in  a magnetic  spectrograph  nine  lines,  ranging  in 
energy  from  73  kev  to  557.8  kev.  Three  of  these  reported 
gamma  rays  have  also  been  observed  in  a scintillation 
spectrometer  by  the  writers.  The  measured  quantum 
energies  were  in  the  interval  200  kev  <Ey<  600  kev  at 
280,  460,  and  560  kev,  differing  little  in  energy  from  the 
values  reported  by  Cork  cl  a/.17 

The  gamma  rays  of  Os1M  were  also  measured  periodi- 
cally over  a time  of  about  80  hours  by  the  method  of 
coincidence  absorption.  The  hard  gamma  ray  previously 
reported  at  1.58  Mev1*  was  again  found  to  be  present, 
but  its  intensity  decayed  with  a half-period  of  ~20  hr, 
suggesting  it  to  be  the  1 ,43-Mev  quantum  of  Irm. 

In  the  course  of  studying  the  gamma  rays  of  As77, 
the  gamma  spectrum  of  the  parent  element,  Ge77, 
was  also  noted.  The  results  were  essentially  the  same  as 
those  of  Smith,1*  except  that  two  high-energy  quanta 
at  2.3  and  2.7  Mev,  respectively,  unobserved  by  Smith, 
were  present  and  decayed  in  intensity  with  the  12-hr 
half-{>eriod  of  Ge77. 
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Lower  Limit  for  the  Lifetime  of  the  665-feev 
Excited  State  of  Mo*7t 
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ACCORDING  to  Goldhaber  and  Hill1  the  665-kev  gamma  ray 
. emitted  in  the  decay  of  Nb*7  is  probably  a magnetic  dipole 
transition  between  states  with  orbitals  gut  and  dut.  As  the  Nb*7 
decay  involves  a rather  energetic  beta  ray  Which  can  compensate 
for  the  gamma-ray  recoil,  Nb97  seemed  to  be  a favorable  case  for 
a lifetime  measurement  using  resonance  scattering.' 

A measurement  of  the  nuclear  resonance  scattering  of  a gamma 
ray  is  a determination  of  the  width  of  the  initial  nuclear  level 
involved  in  the  transition.  The  resonance  scattering  technique  is 
especially  well  suited  for  lifetimes  of  the  order  of  10~u  second  and 
shorter  (widths>6XlfT*  ev).  This  is  just  the  region  into  which, 
according  to  Weisskopf’s  lifetime  formula,*  the  magnetic  dipole 
transitions  of  energy  should  fall.  The  only  Ml  transition 

in  this  energy  range  whose  lifetime  is  known  is  the  478-kev  transi- 
tion in  Li7.  From  an  observation  of  the  Doppler  broadening  due 
to  the  motion  of  the  Li7*  nucleus  in  the  B(h,  a)  reaction,  Elliott 
and  Bell4  deduced  a lifetime  of  7XlO~14  second,  which  is  even 
somewhat  shorter  than  expected  from  Weisskopf’s  formula.  On 
the  other  hand,  the  lifetimes  of  several  low-energy  Ml  transitions 
have  been  measured  by  Graham  and  Bell*  using  delayed  coin- 
cidence techniques.  Most  of  these  lifetimes  were  found  to  be 
~100  times  longer  than  predicted  from  Weisskopf’s  formula.  If 
the  665-kev  Mo*7  gamma  ray  belonged  to  this  “slow”  group, 
resonance  scattering  would  not  be  observable  with  our  present 
means;  if,  however,  the  665-kev  gamma  ray  followed  Weisskopf’s 
formula,  a large  nuclear  resonance  scattering  effect  could  be  ev 
pected. 

Ten  milligrams  of  ZrO«  enriched4  in  Zr*4  were  bombarded  in 
the  Brookhaver,  pile  and  yielded  a 0.3-milkcurie  source  of  Zr47  and 
its  daughter  Nb*7.  The  gamma  rays  from  this  source  were  scat- 
tered alternately  from  Mo  and  Zr  scatterers.  The  scattered  radia- 
tion was  observed  with  a scintillation  spectrometer  which  accepted 


only  pulses  corresponding  to  the  665-kev  photoelectron  line.  As 
the  difference  in  atomic  number  between  Zr  and  Mo  is  small, 
Rayleigh  scattering  from  the  two  scatterers  was  almost  the  same. 
The  small  difference  in  Rayleigh  scattering  was  determined  in  a 
separate  experiment  using  the  663-kev  gamma  ray  from  Cs"7. 

After  correcting  for  the  difference  in  Rayleigh  scattering  the 
counting  rates  for  the  Nb*7  source  with  the  Mo  and  Zr  scatterers 
were  identical,  the  experimental  uncertainty  being  two  percent. 

If  one  assumes  the  contribution  of  the  resonance  scattering 
from  the  Mo  scatterer  to  be  two  percent  of  the  counting  rate 
(i.e.,  equal  to  the  uncertainty),  and  if  one  takes  into  account  that 
only  a small  percentage  of  the  gamma  rays  is  emitted  while  the 
nucleus  still  has  the  momentum  imparted  to  it  by  the  beta  my, 
one  arrives  at  an  upper  limit  for  the  width  of  the  665-kev  excited 
state  of  Mo*7,  T^XIO-4  ev,  and  at  a lower  limit  for  the  lifetime 
of  this  state  of  1.5X  10~“  second.  This  lifetime  is  one  order  of 
magnitude  longer  than  the  one  expected  from  the  Weisskopf 
formula.  Thus,  the  Ml  transition  in  Mo"  shows  the  same  behavior 
as  the  low-energy  Ml’s. 

It  should  be  mentioned  that  the  Mo47  transition,  as  well  as 
most  of  the  low-energy  transitions  measured  by  the  Canadian 
group,  involve  a change  of  two  units  of  orbital  angular  momentum, 
whereas  the  Li7  gamma  ray  presumably  leads  from  a to  a p\ 
state. 

t Assisted  by  the  joint  procram  of  the  U.  S.  Office  of  Navai  Research 
and  the  U.  S.  Atomic  Energy  Commission. 
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The  "Chemical  Knife" ; Preservation  of  Ozone 
for  Thirty-Six  Days 
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ABOUT  1933  I noticed  more  particularly  the  action  of  ozone 
on  rubber.  The  facta  are  widely  familiar,  I assume,  but 
seemingly  no  emphasis  to  date  has  been  given  to  a curious  aspect 
of  this  reaction  and  its  interpretation. 

A tube  of  thick  and  new  rubber  broke  off  where  stretched 
slightly  over  a metal  nipple,  in  a matter  of  minutes  after  producing 
ozone  in  the  vicinity.  This  occurred  several  times  before  I realized 
the  cause.  The  broken  ends  were  traversed  by  a sharp  cracks  as 
though  slashed  by  a razor  blade,  but  the  rubber  was  not  visibly 
deteriorated.  I later  found  that  a rubber  band  stretched  in  the 
pith  of  a stream  of  ozonized  oxygen  (ca  8 percent  ozone)  parted 
almost  instantly,  whereas  no  effect,  even  superficial,  was  seen  on 
an  unstretched  band  in  so  short  a time. 

An  interesting  explanation  of  these  effects  is  “mechanical 
activation"  of  the  double  bonds  Ln  the  rubber  structure  at  the 
point  of  high  stress,  namely,  the  bottom  of  the  forming  crack.  A 


more  orthodox,  perhaps  equivalent,  view  is  that  the  "newly 
formed  surface,"  unprotected  by  ordinary  oxidation  or  gas 
absorption,  is  responsible  for  this  extreme  local  rate  of  penetration 
of  a reaction  into  a solid.  The  amount  of  ozone  involved  is  infini- 
tesimal, compared  to  the  conspicuous  effect — accurately  likened  to 
that  of  a knife.  In  either  case,  the  result  has  some  practical  (and 
not  always  realized)  significance  in  connection  with  the  deteriora- 
tion of  rubber  connections,  when  a Tesla  leak  detector  is  used. 

Another,  unconnected,  observation  made  on  ozone  at  the  time, 
was  its  stability  for  thirty-six  days  at  fairly  high  concentration, 
in  a one-liter  sealed  Pyres  bulb  containing  KMnO<— HtSO, 
solution  (same  8 percent  ozonv  in  oxygen).  The  bulb  lay  in  full 
sunlight  during  summer  weather.  I have  never  heard  of  oxone 
being  preserved  for  this  length  of  time  and  ascribe  the  stability  to 
the  absence  of  nitrogen  oxides,  as  well  as  organic  matter,  because 
of  the  KMnO«. 
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STORAGE  OF  ENERGY  IN  Ag  - ACTIVATED  KC1 


Flo.  1.  Photoatim- 
ulttion  for  one  min- 
ute of  NaCl-Ag  and 
KCl-Ag  twenty-four 
hours  after  irradia- 
tion by  three 
roentgens  of  x-rays. 


counting  rate  rose  to  ~10‘  counts  per  minute,  decreased 
to  2.5X104  counts  per  minute  during  one  minute  of 
phot.osiinrula.tion.  and  dropped  very  nearly  to  zero 
when  the  stimulating  light  was  turned  off. 

Thirty  seconds  after  the  one-minute  period  of  photo- 
stimulation, the  counting  rate  arising  from  NaCl-Ag 
was  7600  counts  per  minute,  whereas  that  of  KCl-Ag 
was  ~35  counts  per  minute.  The  large  difference  in 
the  two  curves  at  f=  2.5  min  explains  why  Bittman, 
Furst,  and  Kallmann4  reported  the  rmst-stimuiation 
photophorescence  of  KCl-Ag  to  be  essentially  zero 
which  led  to  the  conclusion  that  only  NaCl-Ag  exhibits 
good  storage  properties.  The  fact  is  that  KCl-Ag 
exhibits  light  storage  which  can  be  measured  by  co- 
stimulation  phosphorescence,  but  not  by  pootslimuiation 
phosphorescence. 

In  Fig.  2 is  shown  a comparison  of  the  co-stimulation 
phosphorescence  of  NaCl-Ag  and  KCl-Ag,  the  AgCl 
concentrations  being  the  same  as  previously  given. 
To  obiuin  the  data  of  Fig.  2,  equal  volumes  of  the  two 
materials  were  irradiated  in  an  x-ray  field  of  intensity 
twenty  roentgens  per  hour  for  a period  of  ten  minutes. 
The  irradiated  materials  were  immediately  stored  in 
darkness  and  subsequently  suimilc-ted  by  the  one-watt 
tungsten  lamp  for  a period  of  six  seconds  every  twenty - 

4 Bittman,  Furst,  and  Kallmann,  Phys.  Rev.  87,  83  (1952), 


four  hours.  The  counting  rate  during  the  six-second 
period  of  photostimulation  is  recorded. 

Note  aided  in  proof: — Particular  attention  should  be  called  to 
the  papers  of  Mikao  Kato,  Sci.  Papers  Inst.  Phys  and  Chem. 
Research  (Tokyo)  41,  113  (1944);  11,  135  (1944);  42.  35  (19*4); 
42,95  (1944).  In  the  fourth  publication  of  the  series,  he  describes 
many  of  the  storage  properties  of  KCi-Ag  and  comments  on  the 
speetTsi  response  of  the  Geiger  counter  and  its  importance  in  photo- 
stimulation studies.  Kato’s  measurements  uiuer  from  those  of 
the  writers  in  that  his  means  of  primary  excitation  were  limited  to 
ultraviolet  light.  Copies  of  Kato’s  papers  have  been  difficult  to 
obtain  in  the  United  States  and  were  not  available  to  the  writers 
until  after  this  manuscript  had  beer,  submitted  fer  publication. 
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The  Storage  of  Energy  in  Silver  Activated  Potassium  Chloride* 
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Crystals  of  KCl-Ag  and  NaCl-Ag  have  lieen  exdted  by  x-ray  irradiation.  The  photostimulated  light 
yield  of  the  ultraviolet  emission  band  has  been  observed  simultaneously  with  application  of  the  stimulating 
near-ultraviolet  light.  The  decay  with  time  of  the  stored  energy  in  the  two  phosphors  is  compared. 


THE  energy  storage  properties  of  some  silver 
activated  alkali  halides  nave  been  discussed  in 
several  recent  publications.1  •*  The  procedure  outlined 
in  references  1 and  2 has  been  to  irradiate  an  excited 
phosphor  with  long  wave  light  and  observe  in  a photo- 
tube (RCA-1P28)  what  may  be  described  as  a “post- 
stimulation phosphorescence”  of  the  ultraviolet  emis- 
sion band  after  the  stimulating  long  wave  light  has 
been  extinguished.  In  using  the  1P28  as  a detector, 
difficulties  are  encountered  if  attempts  are  made  to 
measure  the  stimulated  emission  while  the  stimulating 
light  is  on,  because  the  phototube’s  spectral  response 
is  such  as  to  respond  to  the  stimulating  light  as  well. 
The  stimulated  light  emitted  while  the  stimulating 
light  is  on  might  be  called  “co-stimulation  phosphores- 
cence.” To  avoid  this  problem,  the  writers  ha^e  em- 
ployed photosensitive  Geiger  counters  to  detect  the 
stimulated  emission.  It  has  long  been  known*  that 
photosensitive  Geiger  counters  can  be  produced  which 
have  an  excellent  sensitivity  at  2500A  but  no  response 
to  near-ultraviolet  or  visible  radiations.  Accordingly, 
in  the  present  investigation,  photosensitive  Geiger 
counters  have  been  employed  to  detect  the  photo- 
stimulated  emission  of  the  ultraviolet  bands  of  KCl-Ag 
and  NaCl-Ag,  the  ultraviolet  band  of  KCl-Ag  being 
centered  at  2800A  and  that  of  NaCl-Ag  at  2500A. 
Irradiation,  storage,  and  measurements  relating  to  all 
phosphor  samples  were  carried  out  at  toom  tempera- 
ture (25°C). 

To  study  the  photostimulated  emission  from  NaCl-Ag 


* Assisted  by  the  joint  program  of  the  U.  S.  Office  of  Naval 
Research  and  the  U.  S.  Atomic  Energy  Commission. 

* M.  Furst  and  H.  G.  Kallmann,  Phys.  Rev.  82,  964  (1951) ; 
83,  674  (1951);  Kallmann,  Furst,  and  Sidran,  Nucleonics  10, 
No.  9, 15  (195.2). 

1 Bittman,  Furst,  and  Kallmann,  Phys.  Rev.  87,  83  (1952). 

* P.  B.  Weis t,  Electronics  19,  No.  7,  106  (1946);  H.  Friedman 
\ and  C.  P.  Glover,  Nucleonics  10,  No.  6.  24  (1952);  C.  E.  Mar.de- 
1 ville  and  H.  0.  Albrecht,  Phys.  Rev.  79,  1010  (1950). 


and  KCl-Ag,  a polycrystalline  mass  of  KCl-Ag  (AgCl 
concentration  0.!0±G.Q2  percent  by  weight)  and  a 
single  crystal  of  NaCl-Ag  prepared  by  The  Harshaw 
Chemical  Company  (AgCl  concentration  0.37 ±0.06 
percent  by  weight)  were  irradiated  by  x-rays  of  max- 
imum energy  25  kev  for  ten  minutes  to  receive  a 
dosage  of  three  roentgens.  The  irradiations  were 
carried  out  in  total  darkness,  and  the  materials  were 
stored  for  twenty-four  hours  in  light-tight  containers. 
At  the  end  of  that  time,  the  crystals  were  each  stim- 
ulated by  a one-watt  tungsten  lamp  at  a distance  of 
seven  centimeters  for  a period  of  one  minute.  The 
counting  rates  of  NaCl-Ag  and  KCl-Ag  before,  during, 
and  after  the  one-minute  period  of  photostimularion 
are  shown  in  Fig.  1.  A time  of  one  minute  before  the 
stimulating  light  was  turned  on  was  taken  arbitrarily 
as  time  zero.  Prior  to  stimulation,  the  slow  normal 
unphotostimulated  phosphorescence  of  NaCl-Ag  was 
~35  counts  per  minute,  rising  immediately  to  ~50  000 
counts  per  minute  in  the  form  of  co-stimulation  phos- 
phorescence. After  one  minute  of  photostimulation, 
the  stimulating  tungsten  lamp  was  extinguished,  and 
the  luminescence  from  NaCl-Ag  dropped  immediately 
to  a post-stimulation  phosphorescence  count  of  about 
9000  per  minute.  Thus,  photostimulation  with  the 
one-watt  bulb  of  NaCl-Ag  twenty-four  hours  after 
receipt  of  a dosage  of  three  roentgens  gave  rise  to  & 
co-stimulation  phosphorescence  i400  times  greater  *han 
the  residual  unphotostimulated  phosphorescence  (35 
counts  per  minute)  existing  prior  to  stimulation,  and 
to  a post-stimulation  phosphorescence  greater  than 
the  same  quantity  by  a factor  of  257.  The  similarly 
exposed  KCl-Ag  gave  no  evidence  of  slow  unphoto- 
stimulated phosphorescence  at  25  °C,  twenty-four 
hours  after  excitation.  The  counting  rate  in  the  photo- 
sensitive Geiger  co'.mtcr  was  only  the  natural  back- 
ground count.  However,  upon  photostimulation,  the 
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Specific  Primary  Ionization  of  H»,  He,  Ne,  and  A by  High  Energy  Electrons* 
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Mcnaenergetlc  electron!,  magnetically  teparated  from  the  continuous  spectrum  of  a radioactive  (5-ray 
source,  are  directed  through  a series  of  3 thin-window  G-M  counters.  A measurement  of  the  efficiency  of 
the  first  counter  by  tlie  coincidence  method  yields  information  from  which  the  specific  primary  Ionisation 
of  It*  contained  gee  !:  calculated. 

Measurements  of  Hi,  He,  Ne,  and  A over  the  range  of  incident  electron  energies  0.2  to  1.6  Mcv  have 
been  made  and  the  data  compared  with  the  Pc ‘.lie  theory  of  primary  Ionisation.  By  adjustment  of  two 
constant*  contained  in  the  theoretical  formula,  it  Is  possible  to  fit  the  data  for  esch  of  the  four  gases  within 
the  experimental  uncertainties.  The  adjusted  formulas  yield  extrapolated  values  it  the  specific  primary 
ionisation  which  arc  fairly  consistent  with  the  work  of  others  at  lower  and  higher  energies. 


INTRODUCTION 

MEASUREMENTS  of  the  ‘Specific  primary  ion- 
ization of  gases  by  charged  particles  have  been 
conducted  by  a number  of  investigators1-7  over  a 
considerable  range  of  incident-particle  energies.  There 
have  been  large  discrepancies  between  the  results 
obtained  with  different  methods  of  measurement, 
particularly  for  electrons  in  the  neighborhood  of  mini- 
mum ionization,  and  the  experimental  errors  have  thus 
far  precluded  a critical  quantitative  comparison  between 
the  measurements  and  the  theory. 

In  view  of  the  many  applications  of  knowledge 
concerning  the  ionization  of  gases  in  various  fields  of 
experimental  physics,  it  was  considered  worth  while  to 
conduct  a new  set  of  precise  measurements  on  several 
gases  in  the  neighborhood  of  minimum  ionization  using 
0- particles  from  a radioactive  source  as  the  primary 
ionizing  radiation.  The  measurements  reported  here 
extend  over  a sufficient  range  of  energies  to  make 
possible  a determination  of  the  parameters  which  enter 
into  the  Bethe  theory  of  primary  ionization  and  indicate 
the  degree  to  which  the  theory  may  be  relied  upon  as  a 
tool  for  extrapolating  experimental  data. 

EXPERIMENTAL  PROCEDURE 

The  experimental  procedure  consists  of  measuring 
the  probability  that  a G-M  counter  filled  with  the  gas 
under  investigation  will,  he  discharged  by  a /3-ray  having 
a known  energy  and  a well-defined  path  length  in  the 
counter.  Given  the  discharge  probability  (or  efficiency) 
of  the  counter  together  with  the  path  length  and  the 
gas  pressure,  one  may  calculate  the  specific  primary 
ionization  of  the  contained  gas.  A discussion  of  the 

* Assisted  by  the  joint  program  of  the  U.  S.  Office  of  Naval 
Research  and  the  l).  S.  Atomic  Energy  Commission. 

1 E.  J.  Williams  and  F.  R.  Terroux.  Proc.  Roy.  Soc.  (London) 
126,  289  (1929). 

*P.  T.  Smith,  Phvs.  Rev.  36,  1293  (1930). 

• J.  T Tate  and  P.  T.  Smith,  Phys.  Rev.  39,  272  (1932). 

4 W.  E.  Danforth  and  "»Y.  E.  Ramsey,  Phys.  Rev.  49, 854  (1936). 
» M.  G.  E.  Cosyr.s,  Nature  138,  284  (1936) 

• M.  G.  E.  Cosyns,  Nature  139,  802  (1937). 

7 P T_..  Hircford,  Phy?.  Rev  ?4,  574  (!9*«). 


required  calculations  will  be  found  near  the  end  of  this 
section  of  the  paper. 

The  experimental  arrangement  (as  shown  in  Fig.  1) 
consists  essentially  of  a 180°  /3-ray  spectrograph 
(evacuated  to  10“*  mm  Hg)  and  a set  of  G-M  counters 
Ci,  Ci,  and  Cs.  A radioactive  source  at  S (Pr144  in 
equilibrium  with  Ce14*)  gives  rise  to  a continuous 
spectrum  of  0-rays  ranging  in  energy  from  zero  to  3 
Mev.  The  series  of  baffles,  B,  selects  from  the  con- 
tinuous spectrum  a beam  of  /3-rays  with  a ±5  percent 
energy  spread  which  pass  through  the  counter  train 
via  a series  of  1-mil  aluminum  windows  W i,  Wit  and 
W j.  The  magnetic  field,  which  determines  the  momen- 
tum of  the  0-rays  entering  Wu  is  measured  by  means 
of  a ballistic  galvanometer  connected  to  a flip  coil  F. 

The  counter  Ci  was  filled  with  a gas  or  mixture  of 
gases  whose  primary  ionization  was  to  be  measured. 
The  gas  pressure  was  chosen  so  that  the  0-rays  in  the 
spectrograph  energy  range  were  counted  with  an  effi- 
ciency of  about  0.5,  a condition  which  results  in  the 
least  required  operating  time  for  determining  the  pri- 
mary ionization  to  a given  statistical  accuracy.  Counters 
C*  and  Ci  filled  with  a self-quenching  argon-butane 
mixture  served  to  count  the  number  of  0-ray  trans- 
versals of  counter  Cs. 

The  counters  were  connected  to  an  external  circuit 
which  simultaneously  recorded  the  threefold  coinci- 
dences (CiCjCs)  and  twofold  coincidences  (CjCs).  As 
the  walls  of  Ci  permit  the  penetration  of  0-rays  only 
through  windows  W\  and  Wt,  any  ray  which  is  to  give 
rise  to  either  type  of  coincidence  must  traverse  Ci 
within  the  solid  angle  subtended  by  the  two  windows. 
The  efficiency  of  Ci  for  counting  rays  of  this  selected 
group  is  given  by 

(C  i CjC  j)  — (C  iCjCi)  o 

«= , (1) 

(CjCj) — (CtC|)n 

where  the  quantities  with  “0”  subscripts  represent  the 
cosmic-ray  background  coincidence  rates  recorded  with 
the  magnetic  field  of  the  spectrograph  reduced  to  zero. 
The  background  rates  were  less  than  10  percent  of  the 
796 
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0-ray  counting  rates  during  all  of  tiic  measurements 
reported  here 

It  was  necessary  *o  operate  the  counter  C\  as  a 
resistance-quenched  counter  with  all  of  the  gases  used 
in  the  investigation.  As  a series  resistance  of  the  order 
of  HP  ohms  was  required  for  proper  quenching,  the 
dead  time  of  C.  was  of  the  order  of  10"'  sec.  In  order 
to  obviate  the  necessity  of  correcting  the  measured 
efficiencies  for  the  dead-time  effect,  a dc  coupled  anti- 
coincidence  circuit  was  introduced  between  the  wire  of 
Ci  and  the  coincidence  selection  circuits  so  as  to  prevent 
the  recording  of  any  coincidence  (CjCi)  or  (CiCjCi) 
which  occurred  at  a time  when  the  wire  potential  of  Ci 
was  more  than  5 volts  below  its  normal  (quiescent) 
potential.  This  imposed  the  condition  that  counter  C\ 
be  completely  recovered  from  any  preceding  discharge 
before  a coincidence  couid  be  recorded  and  thus 
rendered  the  experimentally  determined  efficiencies 
independent  of  the  dead  time  of  Ci. 

The  background  rates  used  in  Eq.  (1)  to  evaluate  the 
efficiencies  were  corrected  to  compensate  for  the  frac- 
tional inactive  time  of  the  recording  circuits  nmpoard 
by  the  anticoincidence  circuit  during  the  ff-ray  data 
runs.  This  correction  was  accomplished  by  multiplying 
the  measured  background  rates  by  the  ratio  between 
the  coincidence  rates  (CiCj)  measured  at  each  field 
setting  with  and  without  the  anticoincidence  circuit  in 
operation. 

As  mentioned  above,  only  those  ,^-rays  which  traverse 
C%  within  the  solid  angle  of  windows  Wt  and  W» 
contribute  to  the  measured  counting  rates.  These 
windows  are  0.250  in.  in  diameter  and  the  plane  surfaces 
on  which  they  are  mounted  are  separated  by  a distance, 
Lo=0.688".  For  (5-rays  of  the  energy  range  considered 
here,  the  mean  scattering  angle  in  Wi  is  sufficiently 
large  that  one  may  consider  each  point  of  the  window 
as  an  isotropic  source  of  rays  emanating  into  the 
counter.  Calculated  on  this  basis,  the  mean  path  length 
L,  of  rays  traveling  between  windows  fFi  and  Wt  turns 
out  to  be  only  1.3  percent  greater  than  the  direct 
pathlength  Lo. 

A second  path-length  perturbation  arises  from  a 
slight,  approximately  spherical  distortion  of  window 
IFt,  which  resulted  from  subjecting  the  window  to  a 
one  atmosphere  pressure  differential  before  the  counter 
assembly  was  attached  to  the  spectrograph.  This  dis- 
tortion has  the  effect,  of  reducing  the  average  path 
length  to  a value  approximately  0.5  percent  less  than 
that  calculated  on  the  basis  of  scattering  alone.  The 
combined  effects  of  scattering  and  window  curvature 
yield  a mean  path  length  differing  from  the  value  Lo 
by  less  than  0.8  percent.  Since  the  error  introduced 
into  the  final  result  by  setting  the  effective  mean  path 
equal  to  Lo  is  cf  the  same  order  of  magnitude  as  the 
statistical  errors,  the  path-length  correction  has  been 
neglected  in  all  of  the  calculation. 

Corrections  for  the  energy  loss  suffered  by  the  /3-rays 
in  penetrating  the  first  window  were  made  on  the  basis 


Fic.  1.  Apparatus  for  determining  the  specific  primary  ion- 
irstion  of  gases.  S— beta-ray  source;  B — spectrojraph  baffle*; 
F — flip  coi!  for  measuring  magnetic  field;  Ci,  Ct,  C«— GM  coun- 
ters, IF i,  Wt,  Wt — 0.00 i in.  A1  window*  neparating  counters: 
V — forepump  connection  for  evacuating  spectrograph;  O — “O’* 
ring  leak. 

of  the  range  vs  energy  curves  for  electrons  in  Al.  For 
the  lowest  energy  /8-rays  considered  in  the  present 
investigation  (0.2  Mev),  this  correction  amounts  to 
approximately  9 percent,  while  for  the  highest  energy 
rays  (1.6  Mev),  the  correction  is  approximately  one 
percent. 

The  statistical  distribution  of  the  number  of  ions 
produced  by  monoenergetic  rays  traversing  the  well- 
defined  path  length  between  the  collimating  windows 
Wi  and  Wt  is  given  by  the  Poisson  law.  Accordingly, 
if  x denotes  the  average  number  of  ionizing  collisions 
per  traversal,  the  probability  that  no  ion  pair  will  be 
produced  in  a traversal  is  equal  to  r’.  Provided  that 
(1)  the  counter  undergoes  ft  complete  discharge  when- 
ever at  least  one  free  electron  is  present  within  its 
volume,  and  (2)  no  secondaries  are  .cleased  from  the 
wall  material  by  the  primary  rays,  the  counting 
efficiency  c is 

«=»  (2) 

The  specific  primary  ionization  S (at  N.T.P.)  is 
given  in  terms  of  x by  the  formula 

S**xT/mLP.  (3) 

where  L is  the  path  length  in  an,  P the  gas  pressure  in 
atmospheres,  and  T the  temperature  of  the  gas  in 
degrees  K. 
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Ci.  With  the  mixtures  employed,  the  corrections 
required  to  compensate  the  measurements  for  the  added 
quantities  of  Hi  amounted  to  approximately  10  percent, 
16  percent,  and  5 percent  for  He,  Ne,  and  A respectively. 
The  precise  percentages,  of  course,  vary  slightly  with 
the  0-ray  energy. 

As  a test  of  the  over-all  reliability  of  the  experimental 
procedure,  & curve  of  efficiency  vs  pressure  was  taker, 
on  the  counter  Ci  with  Hi  as  the  filling  gas.  Figure  2 
is  a semilogarithmic  plot  of  the  measured  values  of 
(1— t)  as  b,  function  of  the  hydrogen  pressure.  It  is  seen 
that  within  the  statistical  errors  the  experimental  points 
lie  along  a straight  line  which  extrapolates  to  (1— «)*=0 
at  P— 0 as  expected  from  Eqs.  (2)  and  (3).  If  secondary 
electrons  from  the  walls  of  Ci  contributed  any  signifi- 
cant amount  to  the  counting  rate  of  €i,  the  efficiency 
vs  pressure  data  would  be  expected  to  extrapolate  to  a 
value  (1  — <)  less  than  unity  at  P—0.  On  the  basis  of 
these  results,  the  experimental  errors  due  to  wall-effect 
are  considered  to  be  negligible. 


Flo.  2.  Variation  of  the  quantity  (t —a)  aa  a function  of  the 
pleasure  of  Hi  contained  in  counter  Ci  (0.SS5  Mev  0-rays). 

In  order  to  insure  the  fulfillment  of  provision  (1), 
the  investigation  was  restricted  to  gases  known  to  have 
electron  attachment  coefficient  sufficiently  small  to  be 
neglected.  In  addition,  care  was  taken  to  ascertain  that 
the  counter  C\  was  operated  in  a region  of  its  character 
is  tics  where  increases  of  from  SO  to  100  volts  in  operating 
potential  yielded  no  significant  change  in  the  measured 
efficiency. 

Spectroscopically  pure  gases  supplied  by  the  Linde 
Air  Products  Company  were  used  throughout  the 
investigation.  The  pressures  of  gases  introduced  into 
the  counter  C\  were  measured  with  a mercury  ma- 
nometer constructed  of  glass  tubing  of  sufficiently  large 
diameter  (0.5  in.)  to  eliminate  errors  arising  from 
unequal  meniscus  shapes  in  the  two  columns  of  the 
manometer.  An  antipardlax  method  was  used  in 
comparing  the  heights  of  the  mercury  columns  with  a 
fixed  scale,  graduated  in  mm.  Errors  in  the  measured 
specific  primaiy  ionization  values,  caused  by  inaccu- 
racies in  pressure  readings,  were  less  than  or  equal  to 
the  statistical  errors. 

Counter  Ci  exhibited  very  flat  efficiency  vs  voltage 
curves  (slopes  less  than  1 percent  per  100  volts)  with 
pure  Hi  fillings  but  yielded  unsatisfactory  performance 
when  operated  with  the  rare  gases  umnixed  with  a 
secondary  gas  component.  (With  pure  ra  re-gas  fillings, 
the  counter  broke  down  into  continuous  discharge  under 
applied  potentials  only  slightly  above  the  starting 
threshold.)  It  was  found,  however,  that  the  addition  of 
a small  percentage  of  Hi  to  any  of  the  rare-gas  fillings 
permitted  the  counter  to  function  as  well  as  when  filled 
with  pure  Hi.  Therefore,  to  avoid  the  difficulties 
encountered  with  the  pure  rare  gases,  the  specific 
primary  ionization  measurements  on  the  latter  were 
performed  with  small  partial  pressures  of  Hi  added  to 


EXPERIMENTAL  RESULTS 

The  results  cf  the  specific  primary  ionization  measure- 
ments on  Hi,  He,  Ne,  and  A are  presented  in  Table  I. 
The  experimental  errors  indicated  in  the  table  are  the 
statistical  standard  deviations  which  in  all  cases  are 
closely  comparable  with  the  independent  uncertainties 
associated  with  the  pressure  and  path-length  determi- 
nations. The  relative  magnitude  of  the  specific  primary 
ionization  values  obtained  for  any  individual  gas  are 
considered  to  be  accurate  within  the  statistical  errors. 
Uncertainties  in  the  absolute  values,  which  depend 
upon  the  precision  of  the  pressure  and  path-length 
determinations,  are  conservatively  estimated  at  ±3 
percent.  Repeat  runs  on  Hi,  He,  and  A,  after  removing 
the  original  gas  filling  and  introducing  new  fillings  of 
the  same  pressures,  indicated  that  the  measurements 
were  reproducible  within  the  statistical  uncertainty. 

COMPARISON  OF  THE  EXPERIMENTAL  RESULTS 
WITH  THE  THEORY 

The  theory  of  primary  ionization  has  been  treated 
both  classically  and  quantum  mechanically  in  various 
degrees  of  approximation  by  a manner  of  authors.  The 
most  recent  and  comprehensive  treatment  of  the  subject 
— given  by  Bethe* — yields  the  following  formula  for 


Table  I.  Measured  values  of  the  specific  primary  ionisation  of 
H»,  He,  Ne,  and  A for  various  0-ray  energies. 


Specific  primary  ionlxatlon-lona/cm  at  N.T.P. 

tMtv) 

P/Mc 

H, 

He 

Ne 

A 

0.205 

0.98 

8.45*0.095 

7.56*0.16 

18.45*0.36 

41.7*0.77 

0.500 

1.71 

6.04±0.065 

5.58*0.066 

13.4  *0.17 

30.5*0.34 

0.855 

2.49 

5.44*0.054 

5.08*0.043 

12.5  ±0.14 

27.7*0.31 

1.17 

3.15 

5.30*0.053 

♦ . . 

1.55 

390 

5.37*0.059 

5.02*0.060 

12.4  *0.13 

27.8*0.31 

• H.  A.  Bethe,  Hondbuch  (Ur  1'hysik  (Julius  Sorineer  Verlag, 
Berlin,  1933),  Vol.  24,  No.  1,  p.  £15 
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the  variation  of  specific  primary  ionization  with  the 
velocity  of  the  incident  particle : 


Table  II. 


■) 


S> 


Za  1| 

■ 2irro*mc1Arz8 


Za  If  2wc,/S1  l 

— ~ krr— , (4) 

7o  7o(l—  /S’)  J 


H. 

He 

Ne 

A 

A 

0.356±0.03 

0.422^-0.038 

1.13±0.09 

2.37±0.27 

C 

4.35  T0.02 

3.98  =F0.02 

9.64T0.11 

21.8  =F0.20 

where  J*  number  of  primary’  ions  per  of  path, 
ro—r/mc1  (classical  electron  radius),  «- electron  rest 
mass,  e“  velocity  of  light,  iV— number  of  atoms  per  cc 
at  N.T.P.,  s=  incident  particle  charge,  Z— atomic 
number  of  gas,  /3”  ratio  of  incident  particle  velocity  to 
the  velocity  of  light,  7o—  ionization  potential  of  the  gas, 
and  a,  b** dimensionless  constant*  dependent  upon  the 
electronic  structure  of  the  gas. 

For  the  particular  case  of  atomic  hydrogen  (70- 13.5 
ev,  Z“l),  Bethe  has  calculated  the  values  of  the 
constants  in  this  equation  to  be:  a “0.28.5,  5“ 3.04. 
For  gases  other  than  atomic  hydrogen,  the  calculation 
of  the  constants  cannot  be  readily  accomplished  without 
introducing  rather  rough  approximations  regarding  the 
form  of  the  wave  functions  of  the  bound  electrons. 

In  the  derivation  of  Eq.  (4)  the  assumption  is  made 
that  the  incident  particle  is  undeviated  by  individual 
collision  with  the  atoms  of  the  gas.  This  approximation 


leads  to  rather  large  errors  at  iow  energies  but  should 
not  seriously  affect  the  validity  of  the  formula  at 
electron  energies  greater  than  a few  kv. 

The  form  of  Eq.  (4)  indicates  that  for  a given  gas, 
5 depends  only  upon  the  velocity  v and  the  charge  z of 
the  incident  ionizing  particle.  By  making  the  substi- 
tution, 

0-(p/Mc)l(p/Mcy+lY>,  (5) 

where  p is  the  momentum  and  M the  rest  mass  of  the 
incident  particle,  and  lumping  the  constant  coefficients 
in  Eq.  (4),  one  obtains  the  expression: 


+c 


(— 


(6) 


Fro.  3.  Experimental 
results  on  hydrogen 
plotted  ts  p/Mc.  The 
dsts  of  Williams  and 
Terroux,1  Tate  and 
Smith,’  Danforth  and 
Ramsey4  and  Cosyna*-* 
are  shown  for  compari- 
son. The  solid  curve 
represents  the  least- 
M|iUUCB  St  of  the  Beths 
formula  [Eq.  (6) j to 
the  present  result*.  The 
dashed  curves  neighbor- 
ing the  solid  curve  are 
the  extremes  of  the 
family  of  theoretical 
curves  which  fit  ail 
points  of  the  present 
data  within  one  stand- 
ard deviation 
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Pio.  4.  Experimental 
result*  on  helium  plotted 
H filic.  me  uata  of 
Smith*  and  Cosyns*  are 
also  shown.  The  same 
remafks  as  in  the  cap- 
tion of  Fig.  3 apply  to 
the  solid  and  dashed 
curves. 


The  above  form  of  the  Bethe  formula  is  preferred  for 
ease  in  comparison  with  the  experimental  data.  In 
terms  of  the  constants  of  Eq.  (4)  the  lumped  constants 
A and  C in  Eq.  (6)  have  the  form : 

A = 2-rr<?mcxNztZa/ /0,  (7) 

C=^[6+ln(2«c*//0)].  (8) 

In  order  to  compare  the  theory  with  the  experimental 
results  the  constants  A and  C have  been  empirically 
determined  for  each  of  the  gases  investigated  so  that 
Eq.  (6)  yields  the  best  agreement  with  the  experimental 
results.  The  values  of  A and  C determined  by  least 
squares  fits  are  given  in  Table  II,  and  plots  of  Eq.  (6) 
evaluated  with  the  tabulated  constants  are  shown  in 
Figs.  3 -6  (solid  curves).  The  dashed  curves  also  shown 
in  the  figures  indicate  the  extremes  of  a family  of 
theoretical  curves  which  fit  ail  of  the  experimental 
values  determined  in  the  present  investigation  within 
one  standard  deviation.  The  amounts  by  which  the 
constants  corresponding  to  the  two  extreme  curves 
( deviate  from  the  least  squares  values  are  indicated  in 
Table  II  by  the  increments  to  the  right  of  the  rt  and 
=F  signs.  ITis  parameters  for  one  of  the  extreme  curves 


are  obtained  by  taking  the  upper  signs  and  those  for 
the  other  extreme  curve  by  taking  the  lower  signs.  It 
should  be  noted  that  the  two  extreme  curves  in  each  of 
Figs.  3-6  cross  over  one  another  in  the  neighborhood  of 
P/Mc-  2. 

The  parameters  A and  C calculated  for  atomic 
hydrogen  from  Eqs.  (7)  and  (8)  using  the  theoretical 
values  of  o and  b are  .<4=0.145,  C=2.G8.  If  the  above 
values  are  multiplied  by  the  factor  2 (to  give  the  effect 
of  doubling  the  number  of  atoms/cm*)  the  resulting 
constants  A = 0.290  and  C=4.15  should  represent  a 
rather  gross  approximation  to  the  constants  for  mo- 
lecular hydrogen.  Comparison  with  the  empirical  con- 
stants for  Hj  given  in  Table  II  indicates  that  the  A’s 
agree  within  25  percent  and  the  C’s  within  5 percent. 
The  discrepancy  between  the  A ’s  is  not  at  all  surprising 
in  view  of  the  difference  in  the  electronic  structures  of 
atomic  and  molecular  hydrogen. 

DISCUSSION 
(a)  Hydrogen 

The  least  squares  fit  of  the  Bethe  formula  (solid 
curve  Fig.  3)  to  the  Hj  data  obtained  in  the  present 
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investigation  merges  smoothly  with  the  experimental 
data  of  Tate  and  Smith*  at  p/Mc~ O.OS4  (electron 
energy  of  750  v)  but  diverges  gradually  at  lower 
energies  toward  primary  ionization  values  in  excess  of 
the  Tate  and  Smith  values.  The  experimental  points  of 
Cosyns*  and  of  Danforth  and  Ramsey4  for  cosmic-ray 
mesons  (average  value  of  p/Mc^a  19)  agree  with  the 
solid  curve  within  the  experimental  errors.  The  cloud- 
chamber  data  of  Williams  and  Terroux1  scatter  some- 
what broadly  above  and  below  the  .curve  indicating 
the  presence  of  relatively  large  experimental  uncer- 
tainties, however,  the  over-all  consistency  with  the 
present  results  is  quite  satisfactory. 

Hereford7  has  conducted  a low  pressure  counter 
study  of  the  primary  ionization  of  Hi  by  /9-rays  and 
cosmic-ray  mesons.  These  results  (not  plotted  in  Fig.  3) 
are  consistent  .with  the  other  work  as  regards  the 
ionization  of  cosmic  rays  but  show  considerable  dis- 
crepancies with  the  present  work  in  the  /9-ray  energy 
range.  A value  obtained  by  Hereford  for  a continuous 
spectrum  of  /9-rays  of  near-minimum  ionization  (2.6 
<P/Mc<5.8)  is  about  15  percent  tower  than  the 
present  data  in  the  same  range.  On  the  other  hand,  a 


point  obtained  by  Cosyns*  for  1-Mev  electrons  ( p/Mc 
— 2.8)  is  about  50  percent  higher  than  the  present  value. 
The  most  likely  explanation  for  these  discrepancies 
seems  to  be  that  in  the  earlier  low  pressure  counter 
work  dealing  with  /9-rays  the  path  length  was  not  well 
defined  and  that  scattering  was  not  adequately  treated 
in  calculations  of  the  effective  pathlengUi. 

(b)  Helium 

In  the  case  of  helium,  there  is  a rather  large  dis- 
crepancy between  the  solid  curve  and  the  low  energy 
data  of  Smith.*  This  seems  rather  surprising  in  view  of 
the  relatively  high  accuracy  with  which  the  formula 
joins  the  high  energy  data  with  the  low  energy  data 
for  the  other  gases.  The  cosmic-ray  point  obtained  by 
Cosyns*  for  helium  agrees  with  the  solid  curve  within 
the  experimental  uncertainties. 

The  gradual  relativistic  increase  in  primary  ionization 
(at  high  energies)  predicted  by  the  Bethe  formula  is 
confirmed  in  both  H«  and  He  by  the  consistency  of  the 
cosmic-ray  data  of  Cosyns*  and  of  Danforth  and 
Ramsey,4  with  the  theoretical  extrapolation  of  the 
p- ray  data. 


G.  W.  McCLUivE 
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Fio.  6.  Experimental 
results  for  argon  plotted 
m p/Mt.  The  data  of 
Smith*  (adjusted  as  indi- 
cated in  the  text)  .and 
Cosyns*  are  also  shown. 
The  same  remarks  as  in 
the  caption  of  Fig.  3 
apply  to  the  solid  and 
dashed  curves. 


(c)  Argon  and  Neon 

In  order  to  compare  Smith’s  results*  on  argon  and 
neon  with  the  present  measurements,  it  is  necessary  to 
observe  that  the  quantity  measured  by  Smith  is  not  in 
general  exactly  equivalent  to  specific  primary  ionization. 
While  the  specific  primary  ionization,  S,  measured  in 
the  present  experiment  is  defined  as  the  number  of 
ionizing  collisions  per  unit  path  length,  the  “ionization 
probability,”  P,  measured  by  Smith  may  be  defined  as 
the  number  of  electrons  released  in  ionizing  Collisions 
per  unit  of  path  length.  If  R denotes  the  average 
number  of  electrons  removed  from  an  atom  (or  mole- 
cule) per  ionizing  collision,  we  have  the  relationship 

S=P/R.  (9) 

The  mass-spectrographic  measurements  of  E!eakneyJ 
show  that  the  R values  for  H»  and  He  are  equal  to 
unity  within  approximately  one  percent  for  incident 
electrons  in  the  energy  range  zero  to  500  ev.  Conse- 
quently, the  Smith  data  for  Hj  and  He  have  been 
plotted  directly  in  Figs.  3 and  4 without  compensation 

•W.  Rleakney,  Phys.  Rev.  36.  13C3  (1930);  35,  1130  (1930). 


for  multiple  ionization.  An  analysis  of  Bleakney’s  Ne 
and  A data  indicate  that  i?*  1.06  for  500-ev  electrons 
in  Ne  and  A— 1.10  for  500-ev  electrons  in  A.  As  the  R 
values  for  both  of  the  heavy  gases  vary  quite  slowly 
with  increasing  energy  in  the  range  300  to  500  ev,  we 
have  adopted  the  procedure  of  extrapolating  JZ  as  a 
constant  above  500  volts  (p/Mc— 0.048)  in  transform- 
ing the  Smith  A and  Ne  data*  into  the  curves  attributed 
to  Smith  in  Figs.  5 and  6.  The  uncertainty  as  to  the 
accuracy  of  the  transformed  curves  in  the  energy  range 
500  to  4500  ev  (0.048 <p/2fc<0. 133)  is  of  little 
importance  in  view  of  a comparable  uncertainty  in  the 
position  of  the  extrapolated  theoretical  curve  in  the 
low  energy  region.  The  fact  that  the  Beths  formula 
provides  the  indicated  degree  of  fit  over  the  energy 
range  from  approximately  1 kev  to  1.6  Mev  may  be 
regarded  as  a substantial  verification  of  the  correctness 
of  the  form  of  the  iheory  at  energies  exceeding  1 kev. 

CONCLUSION 

The  comparison  niide  between  the  existing  experi- 
mental results  and  the  adjusted  Bethe  formula  indicate 

» Hither  coirapiuhcuSiVc  agi&uZiicrit  over  an  extremely 
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large  energy  range.  Although  it  is  unfortunate  that  ihe 
parameters  in  the  Bethe  formula  have  not  been  calcu- 
lated from  theory  for  any  of  the  gases  investigated 
here,  the  formula  appears  to  be  a reliable  tool  for 
interpolating  between  and  extrapolating  beyond  meas- 
ured values  of  specific  primary  ionization  at  energies  in 
excess  of  a few  kev. 

At  very  low  energies,  there  is  a systematic  departure 
of  the  theory  from  the  experimental  results,  which  must 
be  attributed  to  the  weakness  of  the  present  theory. 
The  only  cases  where  the  Bethe  formula  extrapolations 
of  the  present  data  are  inconsistent  are  the  experi- 
mental results  of  others  in  the  neighborhoods  of 

!^/Afc>»0.05  and  p/Mc**  19  occur  in  the  case  of  He, 
where  the  low  energy  data  of  Smith*  fall  below  the 
theoretical  curve,  and  in  the  case  of  A where  the  cosmic- 
ray  point  of  Cosyns*  lies  above  the  curve.  The  decision 


as  to  whether  these  discrepancies  are  attributable  to 
the  theory  or  to  the  experimental  technique  is  difficult 
to  make  at  the  present  time. 

The  data  obtained  in  the  present  investigation,  in 
addition  to  serving  as  a useful  guide  toward  further 
development  of  the  theory  of  ionization,  should  be  of 
value  both  in  the  design  of  low  efficiency  G-M  counters 
and  in  the  analysis  of  cloud-chamber  photographs 
containing  the  tracks  of  fast  particles. 

Measurements  of  the  specific  primary  ionization  of 
several  other  simple  gases  and  of  some  of  the  complex 
organic  vapors  utilized  in  G-M  counters  will  be  carried 
out  in  the  near  future. 

The  writer  wishes  to  express  his  appreciation  to 
Dr.  W.  F.  G.  Swann,  Director  of  the  Bartol  Research 
Foundation,  for  several  helpful  discussions  during  the 
course  of  this  work. 
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WHILE  observing  luminescent  effects  resulting  from  the 
irradiation  of  various  metallic  oxides  with  nuclear  par- 
ticles, the  writers  chanced  to  note  a continuous  light  emission 
from  thoria.  This  luminescence  was  delected  prior  to  application 
of  any  primary  excitants  such  as  alpha-particles,  beta-rays, 
gamma-rays,  or  ultraviolet  light.  The  property  is  exhibited  by 
both  Norton’s  reddish  arc-melted  coarsely  crystalline  thoria  and 
white  pieces  of  thoria  sintered  from  powdered  ThOi>*  The 
measurements  of  light  intensity  were  performed  with  the  use  of 
phototubei!  RCA-5819  and  RCA-1P28  as  detectors. 

Owing  to  the  natural  radioactivity  of  Th®  ssd  its  daughter 
elements,  ThO»  emits  ~22  000  o's  per  gram  per  second,  ~15  000 
0’s  per  gram  per  sec,  and  ~20  000  ?’s  per  gram  per  sec.  These 
internally  emitted  nuclear  radiations  give  rise  through  self- 
absorption in  the  thoria  to  the  observed  luminescence  which  has 
apparently  attained  a nearly  constant  intensity,  decaying  with 
the  enormous  half-period  of  TV".  When  a small  piece  of  crystalline 
thoria  was  placed  before  the  slit  of  » — *>*11  Wilder  nunrt*  spectro- 
graph, no  noticeable  darkening  of  the  photographic  plate  was 
produced  after  an  exposure  of  two  weeks.  However,  when  the 
crystal  was  bombarded  by  ~15  mC  ot  polonium  or's,  a spectro- 
gram showing  an  emission  band  at  ~4500A  war  obtainable  within 
two  days,  me  emission  oanu  along  «ui  iuv  uuui»Lw>  of  a 
mercury  arc  are  drawn  in  Fig.  1. 

A crystal  of  tboria  was  irradiated  by  15  mC  of  polonium  «'« 
for  a period  of  five  minutes.  A fast  decaying  alpha-particle  excited 
phosphorescence,  superposed  upon  the  '‘natural’’  luminescence, 
was  observed  as  shown  in  Fig.  2,  curve  A.  Subtraction  of  the 
natural  luminescent  intensity  arising  from  the  internally  emitted 
nuclear  radiations  yields  curve  B,  the  decay  curve  of  the  rapidly 
decaying  ar- particle  induced  phosphorescence.  Since  the  curve 
assumes  no  constant  slope  in  the  time  interval  covered  by  the 
observations,  a likely  interpretation  is  that  the  decay  curve  is  a 


Fig.  1.  Luminescent  emlnton  of  tboria  under  alpha-irradiation. 


®!C.  2.  Decay  of  tJbc  alpha-particle  Induced  nhospbotescence  of  thoria. 
Curve  A is  a nlot  o!  the  ofaaerved  cmMon;  curve  B.  phoaphoreacent  decay 
corrected  for  lh*  presence  of  tboria  * "natural"  luminescence. 


composite  one  formed  by  a superposition  of  two  or  more  power 

laws. 

Numerous  auxiliary  experiments  >ue  performed  to  eliminate 
the  possibility  that  the  measured  natural  luminescence  be  gener- 
ated by  irradiation  of  air  surrounding  the  thona  or  by  bombard- 
ment of  the  glass  envelope  of  the  phototube. 

It  is  to  be  expected  that  radioactive  uranyl  salts  also  poetess 
an  intrinsic  luminescence.  Uranyl  nitrate  was  observed  to  emit 
light  resul'lng  from  interval  emission  of  at-.  B-,  and  T-rays.  Its 
light  emissions  seem,  however,  to  be  confined  to  fluorescence  or  a 
very  short-lived  phosphorescence.  Measurements  commenced  a 
few  seconds  *iter  cessation  of  irradiation  by  polonium  alpha- 
particles  and  ultraviolet  light  gave  no  evidence  of  any  appreciable 
phosphorescence. 

* Assisted  by  the  foist  program  of  the  U.  S.  Office  of  Naval  Research 
sod  the  l).  5 . Atomic  Energy  ibo  w 

1 The  autoexcited  I mineacxnce  of  radium  compounds  waa  studied  by 
early  investigator*.  See,  for  example,  J.  A.  Rodman.  Phym.  Rev.  23,  47S 
(•924  References  to  still  earlier  measurements  are  contained  in  this  paper. 

* The  luminescence  of  ThOt  activated  by  Pr,  Sts.  and  Tb  baa  been 
studied  under  a ray  cathode  ray.  ultraviolet  light,  end  hydrogen  flame 
recitation  by  F.  G.  W’kk  and  C.  G.  Threap  J.  Opt.  Soc.  Am.  23. 37  (19351. 
These  authors  do  not  cerement  upon  any  self-induced  luminescence  dot  do 
they  appear  to  have  studied  the  afterglow  to  (.articular.  A spectionaphic 
analysis  of  tht  thoria  employed  by  the  writer*  showed  that  Al.  Be,  Ce,  Cr. 
Cn.  La.  Si,  Ti,  Yt.  sod  Zr  were  !1  present  simultaneously  in  activator 
quantities. 
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IT  has  been  reported1  that  the  gamma-rays  emitted  In  the  disin- 
tegration of  Sb1*4  dc  not  show  any  directional  correlation. 
Definite  conclusions  cannot  be  drawn  from  this  isotropy  as  several 
y—y  cascades  contribute  to  the  observed  coincidence  rate. 

Using  pulse-height  selectors  in  both  channels,  we  have  Inves- 
tigated the  directional  correlations  of  the  different  cascades 
separately  and  report  here  on  the  1.7-0.6-Mev  and  the  2.06-0.6- 
Mev  cascades. 

After  a correction  for  angular  resolution,  the  data  on  the  1 .7-0.6- 
Mev  cascade  can  be  fitted  with  a distribution  fr'(S)**  1—0.094 
Xcorf©. 

If  one  assumes  spin  0-f-  for  the  ground  state  of  the  even-even 
Te5*1  nucleus,  the  0.6-Mev  excited  sute  has  spin  24-.*  The  pos- 
sible spin  combinations  are,  therefore,  0-2-0,  1-2-0,  2-2-0, 
3-2-0,  and  4-2-0,  all  higher  spins  being  excluded  by  corveraion 
measurements.*  The  assignment  1-2-0  is  improbable  in  view  of 
the  absence  of  a strong  crossover  transition  to  the  ground  state 
of  Te1*4.  A comparison  of  the  theoretical  correlations  with  the 
experimental  points  (Fig.  1)  eliminates  all  spin  combinations  with 
- the  exception  of  3-2-0.  The  spin  of  the  2.3-Mev  excited  state  of 
Te**  is,  therefore,  taken  as  3. 

The  correlation  coefficient  — 0.094 dfcO.OlQ  allows  an  ad- 

mixture of  at  most  10~*  parts  of  quadrupole  to  the  3-2  dipole 
transition.  In  comparison  with  recently  measured  E2-U1  mixtures4 
this  E2/MI  ratio  is  off  by  factors  of  10*  to  10*.  One  is  therefore 
inclined  to  assume  that  the  3-2  transition  in  Te1*4  is  not  Afl-£2, 
but  involves  a parity  change  and  is  almost  pure  £1.  In  Sr**,  which 
exhibits  a very  similar  angular  correlation,  the  3-2  transition  is 
indeed  El,  as  shown  by  con  verson  measurements.4 

Recently  a group  at  Princeton*  has  determined  the  number  of 
1.7-Mev  conversion  electrons  to  be  1/30  of  the  number  of  0.6-Mev 
conversion  electrons.  From  measurements  with  calibrated  con- 
verters, we  estimate  the  ratio  of  the  intensities  of  the  1.7-Mev  and 
n — ~ " 0.I5.LC.12.  Cuuiuiiiiug  li i esc,  one  arrives 

at  a conversion  coefficient  of  (2.6±0.7)X10~*  for  the  1.7-Mev 
transition.  This  has  to  be  compared  with  theoretical  values7  of 
2.2X10-4  for  £1  and  5.1  X 1C"4  for  ifl-f  UT*£2.  It  is  therefore 
concluded  that  the  1.7-i.fev  transition  in  Te"*  is  almost  pure  £1 
and  that  the  2.3-Mev  excited  state  of  Te“*  has  spin  3,  odd  parity. 

When  measuring  the  1.7— 0.6-Mev  coincidences,  one  has  to 
accept  a contribution  ol  about  ten  percent  from  the  2.06—  0.6-Mev 
cascade.  In  order  to  insure  that  the  2.06— 0.6-Mev  cascade  does 
not  alter  the  1.7— 0.6-Mev  data  considerably,  we  investigated  the 
2.06— 0.6-Mev  cascade  for  itself,  accepting  in  one  channel  only 
the  pLotoelectron  peak  of  the  2.06-Mev  gamma-ray.  Although  the 
counting  rates  were  low,  it  was  possible  to  establish  that  the 
2.06—  0.6-Mev  cascade  shows  a correlation  of  the  form  1—0.09 
Xco**8  which  is  practically  identical  with  the  1.7-0.6-Mev 
correlation.  From  this,  one  can  conclude  that  the  2.06— 0.6M;v 
cascade  will  not  affect  the  1.7— 0.6-Mev  data,  and  one  can  further  • 
mere  .-.r.-dgr.  spin  3 to  the  2.66-Mev  level  in  Te— . In  view  oi  the 
low  intensity  of  the  2.06-Mev  transition,  no  conversion  informa- 
tion is  available.  However,  the  similarity  of  the  ft  values  of  the 
two  beta-transitions  suggests  that  both  states  have  the  same 
parity,  l.e.,  both  are  3 odd. 

The  essignment  of  3—  to  the  two  highly  excited  states  in  Te*** 
gives  some  indication  as  to  the  spin  of  the  ground  state  of  Sb***,  a 
spin  which  has  been  the  subject  oi  some  speculation  in  connection 
with  the  strong  ft—y  correlation  observed  in  Sb1*4.  Recently 
* Morita  and  Yamada4  have  investigated  the  consequences  of  the 


Fig.  I.  Directional  correlation  of  the  I 7 -0.6-Mev  caacade  of  Te'“.  The 
theoretical  correlation!  expected  for  different  eplaa  of  the  2.3-Mev  Mate 
are  drawn  in  for  comparison.  For  the  3-2-0  and  2-2-0  combinations  the 
dlpoie-quadnipoie  mixture*  were  adjusted  to  fit  the  experimental  IFfISO4)/ 
Ir  (90*)  ratio.  For  0-2-0  and  9-2-0  the  pure  quadrupole-ouadnipole  corre- 
lation! are  plotted.  No  mixture  is  possible  for  0-2-0  and  only  very  small 
admixtures  can  be  expected  for  4-2-0. 


measured  6—  y correlation  and  of  the  shape  of  the  2-3-Mev  beta- 


_r  cuw  t* 


usual 


probable  total  angular  momentum  for  the  Sb"*  ground  state.  The 
OLat  probable  value,  4+,  was  excluded  on  the  grounds  of  the 
relatively  low  ft  value. 

If  the  ground  state  of  Sb784  were  3— , the  beta-transition  to  the 
2.3-Mev  excited  state  of  Te”4  with  3—  would  be  allowed.  The 
experimental  log/1  value,  however,  is  7.7,  which  corresponds  to  a 
first  forbidden  transition.  It  cannot  be  denied  that  a )og/l  value 
of  7.7  could  be  attributed  to  an  allowed  transition  (“L  forbidden”) 
but  this  seems  at  least  ss  artificial  as  the  exclusion  cf  spin  44- 
based  on  a !~  logft  value.  Thu  number  of  observed  second  for- 
bidden transitions  is  still  very  small,  and  the  grouping  of  the  ft 
values  is  therefore  very  uncertain.  It  might  he  added  that  the 
log/1  value  for  the  second  forbidden  beta-transition  in  Fe***  is 
10.9,  i.e.,  very  close  to  the  value  103  for  Sb“*. 

Based  or.  these  considerations,  we  are  inclined  to  make  the 
assignment  44-  rather  than  3—  to  the  ground  state  of  Sb“*. 


t Supported  in  part  by  the  Joint  program  of  the  U.  S.  Office  of  Naval 
Reaearch  and  the  U,  S.  A'.omli  Sr.erjy  Commiwioo. 
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of  the  double  banded  phosphor,  silver-activated  sodium  chloride,  has  been  measured  as  a function  of  the 
time  with  photosensitive  Geiger  counters  and  photomultiplier  tubes.  The  decay  curves  of  the  phosphorescent 
intensity  of  the  two  bands  can  be  represented  by  appreciably  different  power  laws.  Decay  slopes  greater  in 
absolute  magnitude  than  two  on  a log/— log<  plot  have  been  frequently  observed. 


INTRODUCTION 

IN  several  previous  communications,1'*  the  writers 
have  discussed  the  fluorescence  and  phosphores- 
cence of  NaCl-Ag  irradiated  by  nuclear  particles.  The 
earlier  reports1-*  constitute  mainly  an  account  of  how 
first  phosphorescent  emission,  and  later  fluorescent 
n»lses,  were  detected  in  photosensitive  Geiger  counters. 
In  the  course  of  qualitative  studies  of  the  phosphores- 
cence of  the  «ar  ultraviolet  band  as  detected  with  photo- 
sensitive Geiger  counters,  a marked  stimulation  of  the 
ultraviolet  band  by  long  wave  light  was  noted.  The  soft 
radiations  from  the  red  and  green  pilot  lights  on  the 
control  panel  of  the  scaling  circuit  gave  rise  to  a dis- 
tinct stimulation  of  the  phosphorescent  emission.  It 

* Assisted  by  the  joint  program  of  the  U.  S.  Office  of  Naval 
Research  and  the  U.  S.  Atomic  Energy  Commission. 

1 C.  E.  Manderilie  and  H.  O Albrecht,  Pbys.  Rev.  79,  1010 
(1950)  ; 80,  117,  299,  and  300  (1950). 

*H.  O.  Albrecht  and  C.  E.  Mandeville,  Phys.  Rev.  81,  163 
(1951);  Rev.  Sci.  Instr.  22,  855  (1951). 


was  immediately  suggested*  that  NaCl-Ag  might  serve 
as  a dosimeter  for  nuclear  radiation,  the  phosphorescent 
yield  under  photostimulation  being  a measure  of  dosage 
received  much  earlier.  However,  the  present  discussion 
will  concern  itself  mainly  with  a study  of  the  normal 
unstimulated  phosphorescence  induced  in  samples  of 
NaCl-Ag  by  alpha-particles  and  ultraviolet  light. 

Since  the  time  of  the  first  reports  by  the  writers, 1-1 
the  study  of  the  phosphorescence  of  NaCl-Ag  has  been 
extended  by  Furst  and  Kallmann4  and  by  Bittman, 
Furst,  and  Kallmann.1  The  light  emission  has  been 
shown  to  occur  in  two  bands*-4  centered,  respectively,  at 
2500A  and  4000 A.  It  has  also  been  known  for  some 
time  that  these  two  bands  are  emitted  when  ultraviolet 


f C.  E.  Mandeville,  privately  circulated  memorandum  (Sep- 
tember 26,  1950). 

4 M.  Furst  and  H.  Kallmann,  Phys.  Rev.  82,  964  (1951);  83, 
674  (1951). 

* Bittman,  Furst,  and  Kallmann,  Phys.  Rev  87,  83  (1952). 
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Fio.  1.  Phosphorescent  decay  o'  NaCl-Ag  (Harsh*  w)  Irradiated 
on  successive  occasions  for  five  seconds  at  a time  by  the  alpha- 
particles  of  polonium.  The  curves  are  lettered  in  chrssslosical 
order. 

light  is  employed  as  the  primary  excitant.*  A discussion 
of  previous  papers  on  ultraviolet  excitation  of  NaCl-Ag 
may  be  found  in  the  aforementioned  reference.1 

PROCEDURE 

In  the  present  investigation,  the  phosphorescence  of 
NaCl-Ag  irradiated  by  alpha-particles  and  ultraviolet 
light  has  been  observed,  using  as  detectors  photo- 
sensitive Geiger  counters  and  photomultiplier  tubes 
RCA-S819  and  RCA-1P28.  The  G-M  tubes  were  con- 
structed with  copper  cathodes,  and  the  phosphorescent 
emission  was  usually  introduced  through  a thin  window 
of  Pyrex  (3  mg/cm1)  or  through  a side  wall  of  thickness 
one  millimeter,  made  of  Corning  9741  glass.  These 
tubes  exhibited  a maximum  of  spectral  response  at 
~2500A  with  no  detectable  response  whatever  above 
~3000A.  With  the  strongest  phosphorescent  sources 
used,  the  counting  rates  of  the  photosensitive  G-M 
tubes  decreased  immediately  to  cosmic  ray  background 
when  one  millimeter  of  soft  glass  was  inserted  before 
the  counter,  indicating  only  response  to  the  ultraviolet 
of  the  short  wave  band.  Thus,  r'casuremsnts  with  the 
G-M  tubes  constituted  observation  of  the  decay  of  the  short 
wov^  ’.and  alone.7  The  RCA-5819  photomultiplier  was 

• Etzei,  Schul-.uu.,  Ginther,  and  C taffy,  Phys.  Rev.  85,  1063 
(1952). 

» The  photosensitivity  of  the  G-M  tubes  was  checked  at  the 
beginning  and  upon  completion  of  each  decay  curve  by  means  of 
a standard  ultra  violet  source.  This  consisted  of  en  alpha-source 
bombarding  a crystal  or  fluorite. 


utilized  for  detection  of  the  phosphorescence  of  the 
long  wave  band.  Although  these  tubes  are  not  expected 
to  respond  at  wavelengths  shorter  than  3000A,  two 
millimeters  of  soft  glass  were  interposed  between  phos- 
phorescent source  and  phototube  as  a precautionary 
measure  for  elimination  of  any  last  vestiges  of  response 
to  the  short  wave  band.  The  dc  current  flowing  in  the 
photomultiplier  was  taken  as  a measure  of  the  phos- 
phorescent intensity.  The  current  was  measured  in  a 
fast  galvanometer  (T— 4 sec),  and  measurements  were 
not  commenced  until  several  seconds  after  cessation  of 
irradiation,  so  that  ballistic  corrections  were  small  as 
shown  by  calculation  in  terms  of  the  constants  of  the 
galvanometer.  The  deflection  oi  the  galvanometer  and 
the  readings  of  a stop  watch  were  photographed  simul- 
taneously with  a Sept  camera.  Measurements  with  an 
RCA-1P28  photomultiplier  tube  were  also  carried  out. 
This  detector  is  sensitive  to  light  emitted  in  both  bands. 
The  decay  curve  of  the  combined  emission  of  both  bands 
is  of  interest  for  reasons  to  be  discussed  later. 

The  above  discussed  detectors  can,  of  course,  also 
be  used  for  the  detection  of  “stored  light”  released  by 
thermostimulation1  and  photostimulation.' 

In  general,  the  properties  of  two  types  of  crystals 
have  been  investigated.  Single  crystals  of  NaCl+ 1 per- 
cent AgCl  were  obtained  from  the  Harshaw  Chemical 
Company  (hereafter  referred  to  as  “Harshaw”),  and 
polycrystalline  melts  of  NaC  1+0.5  percent  AgCl  were 
prepared  at  the  B artel  Research  Foundation  (hereafter 
referred  to  as  “Barto!”). 


RESULTS 


•• 
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seconds  by  a source  of  twenty-five  millicuries  of  po- 
lonium alpha-particles,  » shown  in  Fig.  t.  For  these 
measurements  the  sanr-~  specimen  was  bombarded  re- 
peatedly, under  identical  conditions;  that  is,  successive 
decay  curves  were  taken  first  in  the  G-M  tube,  then  in 
a 1P28  tube  with  filter,  again  in  the  G-M  tube,  and 
finally  in  the  RCA-5819  photomultiplier  tube.  The 
crystal  was  completely  de-ex  cited  between  bombard- 
ments by  photostimulation  at  the  conclusion  Of  each 
decay  curve.  Because  of  the  response  characteristics  of 
the  vjrious  detectors  as  discussed  in  the  preceding  sec- 
tion, it  is  evident  that  curves  A and  C give  the  decay 
of  tb  s short  wave  band  and  curves  B and  D that  of  the 
long  wave  band.  All  of  the  curves  of  Fig.  1 exhibit  two 
distinct  slopes  on  the  log-log  plot.1*  The  short  wave 
band  has  an  early  slope  of  ~( — 2.38)  followed  by  a 
later  slope  of  ~(—  0.7),  The  long  wave  band  decays 
initially  with  a slope  of  ~(— 1.83)  followed  by  the  later 


• H.  Fried  min  and  C.  P.  Glover,  Nucleonics  10,  No.  6,  24  (1952). 

• Kallmann.  F>:r*t,  &rd  Sidran,  Nucleonics  10,  No.  9, 15  (1952). 
» » It  is  to  be  observed  that  at  times  less  than  one  minute  the 

decay  curvea  are  relatively  flat,  and  the  slopes  have  not  as  yet 
assumed  in  absolute  magnitude  the  value  of  the  exponent  of  the 
power  law  which  characterises  the  decay.  A slope  equal  in  mag- 
nitude to  the  exponent  Is  attained  when  A mf»l  (see  Eq.  (2)  ot 
the  text]. 
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slope  of  ~(—0.7).  From  the  curves  of  Fig.  i,  several 
general  conclusions  can  be  drawn : 

(1)  The  absolute  value  of  the  decay  slopes  can  be 
considerably  larger  than  two. 

(2)  At  least  two  trap  depths  are  involved.  The  steep 
initial  slope  represents  the  depletion  of  electrons  in 
traps  shallower  than  the  traps  related  to  the  slope  of 
-(-0.7). 

(3)  The  slope  of  —(-0.7)  is  not  the  terminal  decay 
slope  of  the  light  emission  associated  with  escape  of 
electrons  from  the  deeper  traps.  It  is  an  earlier  slope 
which  is  encountered  in  a transition  region  such  as  that 
described  by  Mott  and  Gurney." 

(4)  The  short  and  long  wave  bands  decay  according 
to  differing  power  laws  in  the  region  below  —5  minutes. 

A second  Harshaw  crystal  was  irradiated  by  polonium 
alphas  for  five  seconds  at  a time,  and  decay  curves 
were  observed  with  the  use  of  various  detectors  as 
shown  in  Fig.  2.  The  results  are  essentially  the  same  as 
those  of  Fig.  1,  the  short  wave  band  decaying  with  a 
steeper  slope  oa  the  leg-log  plot  than  does  the  long  wave 
band.  It  is  to  be  noted  that  the  slope  of  curve  A is 
intermediate  between  the  corresponding  slopes  of 
curves  B and  D (the  long  wave  band  alone)  and  curve 
C (the  short  wave  band).  Curve  A,  obtained  with  no 
filter  before  the  1P28,  gives  the  decay  of  the  combined 
emission  of  the  two  bands.  To  ascertain  whether  the 
slower  decay  [slope  —(—0.7)]  offered  any  explanation 
\ for  the  differing  decay  slopes  of  the  two  bands,  the 
slower  decay  was  extrapolated  to  small  values  of  the 
time  and  subtracted  from  the  total  intensity  on  the 
interval  0.5  min<«2  min,  l being  the  rime.  On  this 
rime  interval,  the  slope  of  the  difference  curve  of  curve 
C became  (—  3.00)  and  that  of  the  difference  curve  of 
curve  D became  (—2.16).  The  apparent  difference  in 
the  modes  of  decay  was  not  erased  by  this  operation. 
The  ratio  of  the  slopes  remained  unchanged.  Thus, 

nc/nir- 2.48/1.83  - 3.00/2.16- 1.35. 


The  decay  slopes  are  thought  to  have  been  measured 
with  a probable  error  of  ±0.05. 

The  question  of  whether  successive  bombardments  in 
some  way  altered  the  properties  of  the  crystal  come 
under  consideration.  The  decision  was  made  to  observe 
simultaneously  the  decay  of  the  two  bands  resulting 
from  a single  irradiation.  Accordingly,  N&Cl-Ag  (B&r- 
tol)  was  irradiated  for  five  seconds  with  polonium  al- 
phas. The  phosphorescing  material  was  placed  between 
a photorenritiv?  O-M  tube  and  a 1P28  photomultiplier 
tube.  Curves  I show  the  simultaneous  decay  of  the  two 
bands  as  observed  with  the  1P28  with  filter  and  with  a 
photosensitive  G-M  tube.  Curves  II  represent  simul- 
taneously observed  decay  curves  using  as  detectors  a 
G-M  tube  and  the  1F28  without  filter.  Here  again  it  is 
clear  that  the  two  bands  decay  with  differing  power 


0 


“ N.  F.  Mott  and  R.  W.  Gvmey,  Ehtfronk  Proctsstz  in  fesfc 
Crytkls  (Oxford  Univertitv  Press,  London,  1948),  second  edition, 
p.  215,  Fig.  84. 


laws  and  that  the  decay  of  the  mixture  of  the  two  bands 
has  an  Intermediate  slope."  It  is  to  be  observed  that 
the  curves  of  Fig.  3 assume  their  maximum  negative 
slopes  at  times  about  ten  minutes  later  than  do  those  of 
Figs.  1 and  2,  although  the  conditions  of  excitation  were 
identical  and  the  specimen  sizes  comparable.  This 
difference  could  be  explained  by  variation  of  silver 
content. 


DISCUSSION  OF  RESULTS 

Decay  slopes  greater  than  two  have  been  previously 
observed."  For  example,  a slope  of  —2.09  was  reported 
for  ZnS  under  ultraviolet  excitation  at  80°C.  However, 
this  same  decay  curve,  when  examined  at  a relatively 
low  value  of  the  phosphorescent  intensity,  begins  to 
exhibit  a slope  much  larger  in  absolute  magnitude  than 
2.  These  data  are  interpreted  by  Mott  and  Gurney" 
as  evidence  for  “frozen-in”  interstitial  ions  which  serve 
as  luminescence  centers. 

A similar  explanation  may  also  apply  to  the  curves 
of  the  present  investigation.  Let  it  be  assumed  that  v 
interstitial  ions  are  present  and  that » trapped  electrons 
and  n positive  holes  result  from  excitation  by  the  alpha- 


u The  curve*  detected  in  the  G-M  tubes  have  been  unduly  de- 
pressed by  dead-time  loss  at  times  less  than  one  minute  On  the 
interval  I min^/^5  min  where  the  evaluation  of  the  slope  was 
msde,  the  dead-time  loss  was  negligible. 

,J  V.  V.  Antonov-Romanovsky,  Physik.  Z.  Sowjetuuion  7,  366 
(1935). 
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TIMS  - MIMMTf  • 


Fic.  3.  Phosphorescent  afterglow  of  NaCl-Ag  (Bartol)  observed 
simultaneously  in  G-M  tube  and  photomultiplier. 

particles.  Then,  following  Mott  and  Gurney,14 

dn/Jl= —An(n+v),  (1) 

where  A is  a constant.  For  ni2>v,  the  solution  of  this 
equation  is 

dn  /dn\  / 

— =(  — ) /(i+Anoir.  (2) 

dt  \dl  / t—0 ' 

For  «<r,  the  solution  is 


When  the  traps  are  nearly  exhausted,  at  relatively 
large  values  of  the  time,  Eq.  (!)  Indicates  that  a f*ret 
order  process  becomes  the  dominant  mode  of  decay, 
giving  rise  through  Eq.  (3)  to  slopes  on  a log-log  plot 
greater  than  the  slope  of  two  which  is  associated  with 

lt  See  reference  11,  p.  212. 


the  norma!  bimolecular  decay  of  Eq.  (2). f For  large 
values  of  the  time,  the  slope  of  an  exponential  process 
approaches  infinity  on  a log-log  plot. 

A general  conclusion  which  can  be  drawn  from  these 
measurements  is  that  for  a given  set  of  conditions  of 
excitation,  the  two  bands  decay  according  to  different 
power  laws.  It  has  been  previously  shown*  that  the 
long  wave  band  arises  from  the  presence  of  paired  silver 
ions  in  the  crystal  lattice.  It  seems,  therefore,  probable 
that  the  trap  depth  distribution  associated  with  paired 
silver  ions  is  different  from  that  related  to  the  single 
silver  ions.1* 

ADDITIONAL  REMARKS 

The  decay  curves  of  this  paper  are  representative  of 
about  two  hundred  similar  curves  which  have  been  re- 
corded in  connection  with  the  phosphorescent  decay  of 
NaCl-Ag.  Although  Figs.  1,  2,  and  3 refer  specifically 
to  the  alpha-particle  induced  phosphorescence,  as 
stated  in  the  introduction,  ultraviolet  light  was  also 
employed  as  a primary  excitant.  The  decay  curves  ex- 
cited by  ultraviolet  did  not  differ  markedly  from  those 
arising  from  alpha  irradiation.  Slopes  greater  in  abso- 
lute magnitude  than  two  were  often  encountered. 

Although  not  shown  in  the  accompanying  figures, 
nega  tive  slopes  having  absolute  values  greater  than  two 
were  often  observed  for  the  decay  curves  of  the  long 
wave  band  under  both  ultraviolet  and  alpha-particle 
excitation.  For  one  such  curve,  the  "light  sum”  was 
calculated  for  an  irradiation  with  25  mC  of  alpha- 
particles  for  five  seconds.  This  rough  estimate  gave  a 
phosphorescence  yield  in  the  long  wave  band  of  0.54 
photon/alpha  on  the  time  interval  5 sec <<<  °° . Taking 
into  account  the  presence  of  the  short  wave  band,  a 
total  wiiwiion  of  one  oi  tiro  photons  per  alpha-partide 
is  suggested.  In  the  course  oi  the  present  measurements, 
it  was  estimated  that  specimens  oi  approximate  dimen- 
sions 1 cmX  1 cmX0.4  cm  were  irradiated  by  ~1G*  al- 
phas to  give  a light  sum  of  ~10*  photons. 

The  question  arose  as  to  whether  the  long  wave  band 
might  be  sufficiently  intense  to  photos timulate  the 
decay  of  the  short  wave  band.  Two  identical  crystals 
of  NaCl-Ag  were  placed  adjacent  to  each  other  with 
one  millimeter  of  soft  glass  intervening.  The  long  wave 
emission  of  one  seemed  to  have  ro  effect  on  the  short 
wave  emission  of  the  other. 

The  writers  wish  to  express  their  appreciation  for  the 
interest  and  suggestions  ot  Dr.  W.  F.  G.  Swann  in  con- 
nection with  these  measurements.  They  wish  also  to 
acknowledge  very  helpful  commentary  by  Dr.  Ray- 
mond T.  Ellickson  of  the  University  of  Oregon. 

f An  alternative  explanation  of  the  !&r«  relative  slopes  mey 
be  related  to  the  storage  of  electrons  in  deep  traps.  Equations  (1), 
(2),  and  (3)  would  also  apply  were  there  no  interstitial  ions  but 
s'  electrons  stored  in  deep  traps  and  n electrons  in  shallow  traps 

■i  See  Preparation  and  Ckaracleristcs  of  Solid  Luminescent 
Materials;  Cornell  Symposium  of  the  American  Physical  Society 
tjohn  Wiley  and  Sons,  Inc..  New  York.,  19481  and  remarks  by 
darlick,  Prongsheira,  and  Maurer,  p.  397;  also  statements  by 
Garlick,  paper  No.  5,  p.  ill. 
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Extending  the  Efficient 
Range  of  G-M  Counters 


A two-tube  cut-off  circuit  reduces 
G-M  tube  deadtime  to  1 .5  nsec  and 
permits  operation  up  to  20,000  cps 
with  deadtime  losses  of  only  a few 
per  cent.  Other  methods  reviewed 
are  too  elaborate,  or  they  correct 
for  deadtime  without  reducing  it 

By  W.  C.  PORTER 

Barlol  Research.  Foundation 
of  The  Franklin  Institute 
Swarthmore,  Pennsylvania 


FIG.  1.  Oscilloscope  sweep  triggered  by  G-M  courtier. 
(Top)  Stever's  method  of  deadtime  presentation  under 
normal  operating  conditions.  (Bottom)  With  cut-off  circuit 
applied  to  counter 


The  o-m  tube  deadtime  effect,  nor- 
mally of  the  order  of  10_<  sec,  has  led 
many  investigators  to  employ  more 
complicated  detection  instruments. 

During  the  past  ten  years,  numerous, 
methods  of  reducing  deadtime  have 
been  developed.  In  general,  the  pro- 
cedures have  been  either  too  com- 
plicated or  have  not  yielded  sufficient 
improvement  to  encourage  wide  appli- 
cation. A "cut-off”  circuit  has  been 
devised  (f)  widen  overcomes  both  of 
these  difficulties  and  reduces  the  in- 
operative time  to  approximately  1.5 
peer 

To  define  deadtime  and  to  convoy 
some  quantitative  insight  into  its 
effect  on  the  counting  efficiency  of  a 
G-M  counter,  we  shall  discuss  the 


mechanism  of  discharge  as  it  is 
presently  understood,  and  shall  review 
the  methods  which  have  been  used  to 
achieve  improved  efficiencies  at  high 
counting  rates. 

Deadtime  Discussion 

According  to  the  discharge  mecha- 
nism of  G-M  counters,  first  suggested 
by  the  work  of  Ramsey  (£)  and  Mont- 
gomery aDd  Montgomery  (S),  the 
active  discharge  of  the  tube  occurs  in 
about  10~e  sec.  In  many  counters,  the 
total  transit  time  of  the  positive-ion 
sheath  to  the  cathode  is  of  the  order  of 
several  hundred  microseconds.  In  gen- 
eral, the  voltage  pulse  initiated  by  a 
discharge  is  characterized  by  a rapid 
negative  potential,  change  during  the 


period  of  electron  collection,  followed 
by  a relatively  slow  negative  continua- 
tion induced  by  the  migration  of  posi- 
tive ions  toward  the  cathode. 

Usually,  the  RC  time  constant  of  the 
externa!  circuit  is  small  compared  to 
the  positive  ion  collection  time.  Thus, 
the  central  wire  reaches  a peak  nega- 
tive potential  and  returns  almost  to 
its  quiescent  voltage  long  before  the 
ion  collection  is  complete.  However, 
a new  discharge  does  not  occur  until 
the  positive-ion  sheath,  which  domi- 
nates the  field  around  the  wire,  has 
migrated  enough  to  allow  the  field  to 
reach  the  G-M  threshold  level. 

A new  discharge  which  occurs  after 
the  insensitive  interval,  but  before  the 
ions  are  completely  collected,  is  smaller 


in  amplitude  than  one  produced  when 
the  counter  is  in  its  quiescent  state 
because  of  the  reduced  field  between 
the  wire  and  the  uncollected  sheath. 
The  counter  response  following  a dis- 
charge is  shown  in  Fig.  1 (top). 

Stover's  method.  Deadtime  may 
be  studied  with  a technique  devised  by 
Stever  (4).  A counter  discharging  at  a 
moderate  rate  triggers  repetitively  the 
sweep  of  a cathode-ray  oscilloscope; 
the  counter  output  pulses  are  applied 
to  the  vertical-deflection  amplifier. 
The  counter  dimensions  are  6-in.  long, 

1 in.  in  diameter,  with  a 0.003-in.- 
diameter  central  wire. 

The  upper  picture  of  Fig.  1 is  a time 
exposure  showing  many  superimposed 
sweeps.  The' vertical  dee  cents  of  the 
pulses  are  not  visible  due  to  their 
rapidity.  The  triggering  pulse  of  each 
sweep  occurs  at  the  extreme  left;  the 
pulses  farther  to  the  right  occur  at 
random  times  after  the  sweep-initiating 
pulses.  Each  triggering  pulse  is  suc- 
ceeded by  a 100-Msec  deadtime  period. 
The  randomly  occurring  pulses  follow- 
ing the  deadtime  interval  define  an 
envelope  which  reaches  a constant 
level  at  approximately  250  psec.  The 
increasing  sise  of  delayed  pulses  reflects 
a dependence  of  pulse  height  on  the 
position  of  the  moving  positive-ion 
sheath, 

Muehlhauae  (6)  has  shown  that  when 
a counter  is  discharged  within  the  time 
required  for  recovery  from  a previous 
pulse,  the  insensitive  time  after  the 
secondary  pulse  is  shorter  than  that 
following  a full  sixed  pulse.  The  effec- 
tive deadtime  thus  depends  upon  the 
distribution  of  time  delays  between 
successive  discharges. 

Correction  of  constant  deadtime. 
The  information  gained  from  a pre- 
aentation  such  m Fig.  1 is  insufficient 
to  predict  the  deadtime  loss  of  a 
counter  at  arbitrarily  high  counting 
rates.  Where  the  deadtime  may  be 
considered  a constant,  a simple  expres- 
sion can  be  derived  for  correcting  the 
counting  rate  of  a single  counter.  If 
N is  the  recorded  counting  rate  and  N' 
the  rate  at  which  the  counter  w ould 
count  if  it  suffered  no  dead  time  lees, 
then 

N’  - A7(l  - N<x ) 

where  <r  is  the  period  of  time  rc;'«ured 
after  a full  discharge  before  the  counter 
is  again  capable  of  yielding  a pulse 
large  enough  to  trigger  the  recording 
apparatus. 


This  expression  gives  A"  correct  to 
1%  as  long  as  the  probability  of  an 
initiating  particle  entering  the  counter 
within  the  complete  recovery  time  of  a 
previous  discharge  is  less  than  0.1. 
For  example,  as  applied  to  a typical 
counter  having  a deadtime  <r  — 10-4 
sec  and  a complete  recover'  time  of 
3 X 10-4  sec,  tlie  formula  would  give 
N'  correct  to  1 % for  N up  to  300  cpe. 

To  utilize  ordinary  counters  for  pre- 
cise quantitative  work  at  rates  higher 
than  a few  hundred  counts  per  second, 
an  empirical  method  of  calibration  is 
necessary,  using  some  linear  device 
such  as  an  ionisation  chamber  or  a 
photo-electric  cell.  Precautions  must 
be  taken  to  avoid  statistical  uncur- 
tain ties  in  the  calibrating  device. 

The  effects  of  deadtime  are  generally 
more  serious  in  coincidence  arrange- 
ments of  G-M  counters  than  in  the 
case  of  single-counter  operation.  Sup- 
pose, for  example,  each  of  n identical 
counters  in  a coincidence  arr  ly  counts 
a fraction  / of  the  rays  which  traverse 
it.  Then  the  n-fold  coincidence  effi- 
ciency is  /*,  which  is  a smaller  value 
than  the  individual  counter  efficiency. 

As  has  been  seen  in  the  preceding 
discussion,  the  positive  ion  sheath 
which  remains  near  the  wire  after  a 
discharge  is  the  principal  factor  deter- 
mining the  deadtime  of  a G-M  counter. 
Consequently,  the  methods  which  have 
been  devised  to  render  a counter 
operable  at  high  rates  have  been  aimed 
at  removing  the  sheath  as  rapidly  as 
possible,  or  limiting  the  spread  of  the 
sheath  to  a short  segment  of  the  wire. 

Beaded-Wire  Counters 

Brodie  and  Stever  (4)  observed  that 
when  beads  were  placed  on  a counter 
wire,  the  spreading  process  was  limited 
to  a segment  of  the  tube  length.  With 
a single  bead  at  the  center  of  the  wire, 
the  two  halves  of  the  counter  could 
be  discharged  independently.  Appar- 
ently little  use  was  made  of  this  obser- 
vation until  Curran  and  Rae  (6,  7) 
made  a further  study  of  the  recovery 
properties  of  beaded-wire  counters,  and 
were  able  to  obtain  with  a 15-bead 
counter  an  effective  resolving  time  of 
~10  usee.  P»rr~tl.  Hempstead  and 
Jossem  ( 8 ) have  reported  measure- 
ments with  beaded  counters  over  the 
range  1-10*  cps. 

An  interesting  theoretical  analysis  of 
counting  looses  of  long  beaded  X-ray 
counters  was  made  by  Nonaka  (9). 
His  calculations  show  that,  for  a given 


percentage  loss,  a long  counter  having 
a wire  divided  by  beads  into  n equal 
segments  should  be  capable  of  counting 
n times  the  X-ray  intensity  which  an 
unbeaded  counter  of  the  eame  length 
could  count.  It  was  assumed  that  the 
X-ray  beam  was  directed  along  the  aria 
of  the  counter,  and  that  the  absorbtion 
of  the  beam  in  the  gas  was  small. 

Some  of  the  disadvantages  which 
arise  with  beaded  counters  are:  (1 ) 
difficult  construction  and  duplication; 
(2)  poor  plateaus  as  a result  of  the  per- 
turbing effect  of  the  beads  upon  the 
electric  field  near  the  wire;  and  (3)  an 
extremely  large  number  of  spurious 
counts.  In  fact,  Farratt  et  al.  (S) 
utilise  Buch  counts  to  render  the  ob- 
served counting  rate  of  a beaded 
counter  more  nearly  proportional  to 
source  strength.  In  virtue  of  the  fact 
that  the  number  of  spurious  counts 
varies  with  aging,  this  latter  procedure 
seems  of  questionable  value. 

High-Gain  Amplifier 

At  very  high  radiation  intensities, 
most  of  the  pulses  from  a G-M  counter 
fall  below  the  level  required  to  trigger 
an  ordinary  recording  circuit.  It  was 
shown  by  Troet  (10)  that  the  inte- 
grated pulse  current  in  counter  tubes 
continues  to  increase  far  beyond  the 
“choking"  region  for  counting  with  &d 
ordinary  circuit. 

Muehlhause  and  Friedman  (5)  fur- 
thered the  work  of  Troet  by  using  a 
high-gain  video  amplifier  of  0.91-volt 
sensitivity.  Their  work  indicates  that 
the  effective  deadtime  varies  with  over- 
voltage and  with  counting  r-4?.  Their 
range  of  deadtimes  (at  low  rates)  varied 
from  about  500  /jsec,  near  the  Geiger- 
M Oiler  threshold,  to  about  150  jisec 
near  the  limit  of  the  plateau.  With  a 
fixed  overvoltage,  the  effective  dead- 
time varied  from  220  usee,  at  100  cps, 
to  nearly  10  psec  at  60,000  cpe.  Thus, 
the  maximum  counting  rate  of  a 
typical  G-M  counter  may  be  pushed 
to  100,000  cps  by  providing  sufficient 
pulse  amplification,  but  the  gain  in 
resolving  power  up  to  10,000  cps  is 
relatively  slight. 

Circuit  Control 

Neher  and  Harper  (11)  first  success- 
fully incres-ed  the  working  rate  of 
counters  electronically.  Their  circuit 
was  a simpie  one.  The  initial  voltage 
developed  by  a counter  when  applied 
to  this  circuit,  resulted  in  a reduction  of 


potential  to  a point  below  the  starting 
value.  For  each  pulse,  this  reduction 
was  sustained  until  the  original  work- 
ing potential  could  be  restored  without 
subsequent  breakdown.  A tune  in 
excess  of  10" 4 scu  was  usually  required. 

The  circuit  was  intended  for  non-eelf- 
quenching  mixtures  which  in  normal 
use  gave  inoperative  times  from  10"* 
to  10~*  sec,  and  were  workable  only  at 
very  low  rates.  The  limitation  for 
such  mixtures  is  the  time  required  to 
eliminate  all  particles  capable  of  releas- 
ing electrons  from  the  gas  or  from  the 
cathode — a period  which  may  be 
longer  than  the  time  required  to  sweep 
positive  ions  to  the  cathode. 

Self-quenching  countar.  The  self- 
quenching  counter  greatly  extends  the 
possibilities  of  circuit  control  of  dead- 
time. In  such  counters,  processee 
occur  which  greatly  reduce  the  proba- 
bility of  ejection  of  electrons  from  the 
cathode  at  the  time  of  arrival  of  the 
poeitive-ion  sheath.  Furthermore,  de- 
excitation of  gas  atoms  excited  to 
metastable  states  is  greatly  accelerated, 
so  that  the  wire  potential  may  be 
restored  to  normal  very  soon  after  the 
start  of  a discharge  without  danger  of 
initiating  spurious  counts. 

Since  the  deadtime  in  a self-quench- 
ing counter  is  determined  solely  by  the 
time  which  the  sheath  requires  to  reach 
the  critical  radius,  Simpson  (It) 
reasoned  that  a reversal  of  potentials 
would  draw  the  sheath  back  to  the 
wire— and  in  a time  considerably  less 
than  the  normal  deadtime.  Following 
this  collection,  the  usual  working 
voltages  could  be  restored.  His  pro- 
cedure led  to  a minimum  insensitive 
time  of  2.0  X 10"*  sec,  reducing  the 
normal  deadtime  by  a factor  of  five. 

The  elaborate  circuit  used  to  achieve 
these  large  short-time  alterations  in 
potential  discouraged  wide  use  of  the 
original  procedure.  However,  Simp- 
son’s work  introduced  a basic  idea  and 
stimulated  other  investigators  to  seek 

aimnltfiflofiATi 

Flip-flop  circuit.  Hodson  (IS) 
achieved  a great  simplification  of  Simp- 
son’s procedure  when  he  was  able  to 
reverse  the  sign  of  counter  potentials 
using  a two-tube  flip-flop  circuit  in 
place  of  the  nine-tube  arrangement. 
He  observed  an  insensitive  time  of 
3.0  X 10' ‘sec. 

The  work  of  both  Simpson  and  Hod- 
con  was  uoiiiinaied  by  ine  idea  that  the 
reduction  in  deadline  was  uue  to  a 
rapid  collection  of  positive  ions.  How- 


Cut-ott circuit 


FIG.  2.  Two- tub*  cut-off  circuit  with  rate-measuring  circuit  for  high  speeds 


ever,  it  was  becoming  increasingly 
obvious  that  some  of  the  improvement 
afforded  by  the  potential-reversing 
circuits  arose  from  an  interruption  of 
the  spreading  of  the  discharge  along 
the  wire — a real  quenching  of  active 
ionisation.  Hodson,  in  a later  private 
communication  to  Smith  (14),  sug- 
gested that  such  a quenching  must 
have  occurred.  Smith  euti mated  that 
the  spreading  was  limited  to  about  40  % 
of  the  length  of  a 60-cm  counter,  and 
referred  to  further  work  by  Hodson 
which  displayed  the  same  deadtime 
reduction  when  the  potential  across  a 
counter  was  reduced  only  250  volts. 

The  trend  for  reducing  the  deadtime 
now  was  to  limit  the  discharge  before 
it  had  Bpread  the  entire  length  of  the 
wire.  Elliot  ( Ifi ),  using  a two-tube 
multivibrator  arrange  meat,  succeeded 
in  limiting  the  discharge  to  25  % of  the 
length  in  a 60-cm  tube,  and  Collin ge 
(16)  later  limited  the  spreading  of  the 
discharge  to  f>  cm  or  less  in  a 30-cm 
tube.  Unfortunately,  Collisgs^  cir- 
cuit  involved  a large  number  of  tubes 
and  his  minimum  deadtime  was  not 
under  2.0  X 10"‘  sec.  Neither  of  the 
last  two  investigators  made  use  of  a 
reversing  potential,  and  both  achieved 
their  reduction  of  insensitive  time 
Rolcly  by  interrupting  the  ionising 
process. 

Fixed  deadtime.  In  another  ap- 
proach to  the  problem,  den  Hartcg 
and  Muller  (17)  developed  an  In- 
genious arrangement  which  externally 


fixed  the  deadtime,  setting  it  at  a value 
in  excess  of  the  total  collecting  time  of 
the  ions.  Although  a counter  tube  is 
thus  inoperative  for  a relatively  long 
time,  the  circuit  provides  a meter 
which  indicates  directly  the  percentage 
of  sensitive  time  for  each  counting 
rate.  Den  Hartog  and  Muller  state 
that  corrected  rates  up  to  20,000  cps 
were  successfully  handled  with  this 
circuit. 

In  one  specific  instance,  a 12-mm- 
diameter  counter  with  an  active  length 
of  30  cm  was  used.  With  an  incident 
radiation  of  20,000  cps,  the  counter 
was  operative  for  15%  of  the  time. 
Thus,  only  3,000  cps  were  actually 
recorded.  While  use  is  not  mule  of 
the  fact  to  achieve  short  deadtimes, 
this  circuit  also  interrupts  spreading 
and  confines  the  active  discharge  to 
4 cm  along  the  counter  wire. 

Cut-Off  Circuit 

Ramsey,  in  1949  (unpublished),  suc- 
ceeded in  confining  the  discharge  to 
1 cm  of  the  wire  ’ :ngth  in  a 20-cm  tube, 
and  thus  achieved  a drastic  increase  in 
operating  speeds. 

Porter  and  Ramsey  (1)  were  able  to 
simplify  the  procedure  and  confine  the 
discharge  equally  well  with  a two-tube 
feed-back  arrangement.  They  made  a 
deliberate  effort  to  limit  the  spreading 
process  in  order  to  increase  speed  and 
life.  Previous  studies  by  Ramsey  (IS) 
cn  current  time  and  spreading  velocity 
suggested  that,  with  the  argon-other 


FIG.  3.  Counting  ratal  obtolnad  by  placing  tourcas  to  yield  10,000  cpi  each. 
Inset  curve  obtained  by  placing  sources  to  yield  2,500  cps  each 


and  argon-butane  mixtures  used,  such 
a simplification  might  be  possible. 

By  working  within  30  volta  of  the 
potential  characterized  by  pulse  equal- 
ization, and  minimizing  stray  capaci- 
tances, Porter  and  Ramsey  were  able 
to  achieve  an  insensitive  time  of  1.5 
psec.  An  examination  of  the  charge 
distribution  indicated  that  active  ion- 
ization had  been  confined  to  1 cm  of 
the  tube  length. 

Circuit  operation.  Figure  2 shows 
the  two-tube  cut-off  circuit  with  a rate- 
measuring arrangement  used  for  high 
speeds.  All  tubes  are  6AK5’s  and 
all  unlabeled  by-pasa  capacitors  are 
0.0025  (xf. 

When  the  pulse  from  a G-M  counter 
has  developed  approximately  0.2  volts 
across  Ri,  the  pulse  is  amplified  enough 
in  Ft  to  cause  the  grid  of  Ft  to  come 
from  below  cut-off  bias;  hence  the 
plate  current  of  Fs  adds  to  the  voltage 
drop  of  R\ — a cumulative  action  which 
proceeds  until  Vi  is  cut-off.  The  grid 
of  Ft  starts  to  recover  rapidly  by 
virtue  of  the  short  time  constants  in- 
volved. As  the  grid  of  Ft  recovers, 
the  plate  current  of  F i decreases  until 
the  voltage  drop  across  is  less  than 
the  cut-off  bias  of  Fi.  The  resulting 
negative  pulse  on  the  plate  of  Fi 
abruptly  returns  the  grid  of  below 
its  cut-off  value.  The  time  required 
for  an  entire  cycle  of  the  circuit  opera- 
tion is  approximately  1.5  p sec.  After 
this  period,  the  circuit  is  again  ready 
to  accept  a new  pulse. 


Continuous  oscillographic  observa- 
tions of  both  wire  and  cylinder  were 
made  at  all  rates.  This  examination 
of  the  wire  potential  indicated  a pulse 
form  controlled  by  the  feed-back  cir- 
cuit, and  independent  of  counting  rate 
up  to  rates  as  high  as  200,000  cps.  It 
also  demonstrated  that  the  normal 
operating  voltage  is  restored  in  about 
7.5  X 10-7  see. 

Measurements  of  charge  on  the 
cylinder,  with  and  without  the  circuit 
operating,  indicated  that  this  cut-off 
procedure  reduced  the  charge  to  that 
which  would  be  observed  in  a tube 
i cm  in  length.  Further  discussion 
of  the  charge  distribution  as  observed 
with  a tube  made  with  a segmented 
cathode  can  be  found  elsewhere  ( 1 ). 
Figure  1 illustrates  the  difference  be- 
tween the  usual  deadtime  picture  using 
Stever’s  original  procedure,  and  the 
picture  obtained  when  the  cut-off 
circuit  is  in  operation. 

Effect  of  radiation  intensity.  To 
obtain  information  on  the  variation  of 
the  counting  rate  of  a circuit-controlled 
counter  as  a function  of  the  relative 
intensity  of  incident  radiation,  the 
following  procedure  was  used. 

Each  of  seven  radioactive  sources 
was  so  piaced  in  relation  to  the  counter 
that  a counting  rate  of  10,000  cps  was 
obtained;  the  position  of  each  source 
was  carefully  marked.  Then,  starting 
with  one  source  and  adding  one  source 
at  a time  in  its  marked  position,  the 
counting  rates  corresponding  to  one, 


two,  three  and  so  on  up  to  seven  sources 
were  recorded.  In  this  way,  the  main 
plot  shown  in  Fig.  3 was  obtained.  A 
thin-walled  glass  counter  20  cm  long 
and  0.9  cm  in  diameter,  with  a 0.003- 
in.-diameter  wire  was  used.  The  inset 
curve  was  gotten  in  a similar  manner, 
with  four  sources  located  in  relation  to 
the  counter  so  that  each  source  gave 
a counting  rate  of  2,500  cps. 

The  indicated  uncertainties  in  the 
measured  counting  rate  represent  the 
approximate  fluctuations  observed  on 
the  meter  in  the  integration  circuit. 
A straight  line  can  be  drawn  through 
the  origin  and  all  of  the  points  on  the 
low-counting-rate  curve.  All  of  the 
rates  indicated  in  this  figure  are  far 
above  those  for  which  the  average  in- 
vestigator would  trust  his  counter  if 
used  under  normal  operating  conditions. 

This  circuit  has  been  used  success- 
fully at  this  laboratory  with  gn* 
mixtures  of  argon-ether  (6.5:1)  at 
approximately  5.5-cm-IIg  pressure;  ar- 
gon-butane (6:1)  at  approximately  8.5 
and  at  12-cm  Hg;  and  argon-alcohol 
(4:1)  at  8.0-cm  Hg.  With  any  of 
these  mixtures  and  a photon  source  of 
radiation,  the  reduction  in  pulse  height 
at  the  cylinder  indicated  that  the  dis- 
charge had  been  limited  to  I cm  of  the 
total  length  of  the  counter.  How  the 
circuit  will  work  with  other  mixtures 
and  with  other  pressures  is  not  yet 
known. 

* • • 
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By  employing  lead  absorption,  coincidence  counting  technique*,  »nd  scintillation  spectrometry,  it  ha* 
been  shown  that  each  beta-ray  of  Nb»*  is  followed  by  a gamma-ray  of  energy  0.76±0.02  Mev  and  that  most  of 
the  beta-rays  of  the  parent  element  ZrM  are  followed  by  a single  gamma-ray  at  0.73±0.02  Mev.  A dis- 
integration scheme  is  proposed. 


INTRODUCTION 

T has  been  shown  that  the  65±2  day  Zr9*  and  the 
35±1  day  Nb9*  are  formed  in  several  different 
nuclear  reactions.1 

In  a magnetic  spectrograph,*  the  energies  of  the 
gamma-rays  emitted  by  Zr**  have  been  measured  at 
0.73  Mev  (93  percent)  0.23  Mev  (93  percent),  and  0.92 
Mev  (7  percent).  Approximately  two  percent  of  the 
beta-ray  disintegrations  of  ZrM  have  been  shown  to 
terminate  at  a 90-hour  metasiabie  level9  of  the  residual 
nucleus,  radioactive  Nbw.  The  energy  of  the  isomeric 
transition  has  been  measured  as  0.216  Mev4  and  0.24 
Mev.*  The  radiation  is  totally  converted.  The  energy 
of  the  relatively  hard  abundant  gamma- ray  of  Zr9*  has 
also  been  measured  as  0.708  Mev.* 

Spectrometric  measurements  have  yielded  quantum 
energies  of  0.75  Mev,*  0.758  Mev,4  and  0.77  MevT  for 
the  single  gamma-ray  of  Nb**,  the  35-day  daughter 
element.  The  energy  of  this  gamma-ray  was  also  meas- 
ured as  0.92  Mev  by  the  method  of  coincidence  absorp- 
tion.* In  these  latter  measurements,  the  gamma-ray 
which  appeared  to  have  an  energy  of  0.92  Mev  was 
found  in  both  the  zirconium,  and  niobium  fractions. 
However,  the  beta-gamma  coincidence  rate  of  Zr9*  was 
ruth  as  io  suggest  that  on  the  avevuge,  each  beta  of 
Zr**  a followed  by  less  than  0.3  Mev  of  gamma-ray 
energy.  When  a carefully  purified  source  of  Nb*‘ 
yielded  a beta-gamma  coincidence  rate  sufficiently 
large  to  account  for  the  presence  of  the  hard  gamma-ray 
thought  to  be  of  energy  0.92  Mev,  it  was  concluded 
that  the  presence  of  this  gamma-ray  in  the  zirconium 

t Assisted  by  the  joint  program  of  the  ONR  and  AEC. 

I At  present  at  Tracerlab,  Inc..  Boston,  Masschusetts. 

f Frankford  Arsenal,  Philadelphia,  Pennsylvania. 
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fraction  arose  from  an  incomplete  chemical  separation, 
and  that  it  is  actually  only  associated  with  the  daughter 
element.  Because  of  the  various  conflicting  reports 
concerning  the  gamma-radiations,  the  properties  of 
Zr**— Nb**  have  been  re- investigated. 

PROCEDURE  AND  RESULTS 

A source  of  Zr**— Nb**  was  produced  in  the  fission 
process  at  the  Oak  Ridge  pile.  Pure  separated  sources 
of  Zr9*  and  Nb9*  were  prepared  repeatedly  by  Stein- 
berg’s oxalate  procedure.*  The  gamma-rays  of  Nb9*, 
Zr**,  and  Zr9*—  Nb*  were  absorbed  in  lead  as  shown  in 
Fig.  1.  From  the  slopes  of  the  curves  it  is  evident  that 
the  gamma-rays  emitted  by  the  three  different  radio- 
active sources  are  essentially  the  same  in  energy.  No 
evidence  appears  on  any  of  the  absorption  curves  to 
suggest  the  presence  of  any  gamma-rays  of  iower  energy 
and  comparable  intensity.  Repeated  chemical  separa- 
tions always  gave  absorption  curves  similar  to  those  of 
Fig.  1.  The  quantum  energy  taken  from  the  slope  of 
the  curve  is  0.80±0.05  Mev. 


Fio.  1.  Absorption  in  lead  of  the  gamma-rays  of  Nb44, 
Zr44,  and  Zr^-Nb". 


' E.  P,  Steinberg,  NNES  9,  Paper  243. 
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Flo.  2.  Pu  lie-height  distribution  of  gamma-rayi  from  Zr44 
and  NbM  on  NeI(TT). 

With  the  aid  of  a scintillation  spectrometer,  the 
photoelectric  lines  of  the  gamma-rays  of  freshly  sepa- 
rated Zr**  and  NbM  were  observed  in  a crystal  of 
NaI(Tl).  The  pulse-height  distributions  are  shown  in 
Fig.  2,  where  it  is  dear  that  the  gamma-ray  of  NbM  is 
somewhat  more  energetic  than  that  of  Zr**.  Calibration 
of  the  spectrometer  with  the  gamma-rays  from  Auin, 
Na*\  Csm,  Sc4*,  and  Co**  yielded  quantum  energies  of 
0.73±0.02  Mev  and  0.76dfc0.02. 

The  beta-gamma  coincidence  rates  of  Nb**,  Zr**,  and 
Zr**— Nb*\  as  a function  of  aluminum  absorber  thick 
ness  before  the  beVa-ray  counter,  are  shown  in  Fig.  3. 
It  is  evident  that  the  average  value  of  the  coinddence 
rate  is  approximately  the  seme  in  the  three  cases, 
confirming  that  most  of  the  beta-rays  of  Zr**  are  fol- 
lowed, on  the  average,  by  approximately  the  same 
amount  of  gamma-ray  energy  (0.71  Mev)  as  are  the 
beta-rays  of  Nb**.  The  beta-gamma  coinddence  count- 
ing arrangement  -vas  calibrated  by  the  beta-gamma 
coinddence  rate  of  Sc4*.  In  a separate  group  of  coind- 
dence measurements  at  certain  selected  thicknesses  of 
absorbers  before  the  beta-ray  counter,  the  amounts  of 


Tasuc  I.  Average  gamma- ray  energy  per  beta-ray. 


Radionuclide 

Absorber  thickness 

Gtmmt-niy  energy 
(Mev) 

Nb44 

5 mg/cm4 

0.71*0.09 

Zr44 

40  mg/cm* 

0.67*0.08 

Z<»— Nb" 

40  mg/cm4 

0.73*0.09 

gamma-ray  energy  per  beta-ray  of  Table  I were  ) 

obtained.'*11 

THE  DISINTEGRATION  SCHEME 
The  1.0-Mev  beta-spectrum  of  Zr**  (Ay- 2,  yes!)12 
terminates  at  the  90-hr  level  of  Nb#4(/>i/i)  so  the 
orbital  of  the  last  odd  nucleon  of  Zr**  is  taken  to  be 
d t/t.  Log/I14  for  the  more  abundant  beta-spectrum  of 
Zr**  is  6.62,  permitting  the  interpretation  tb'.t  the  spec- 


the  beta-ray  counter. 

14  The  present  coinddence  rate*  and  associated  gamma-ray 
energies  are  in  contradiction  with  the  previous  report  (reference 
8)  that  the  beta-ray*  of  Zr"  are  coincident  with  less  than  0.3 
Mev  of  gamma-ray  energy.  The  earlier  results  must  be  ascribed 
to  the  presence  of  unidentified  impurities  having  relatively  leer 
beta-gamma  coinddence  rates. 

u When  a radionuclide  is  mown  from  a parent  element  of  com- 
parable half  life,  it  can  lie  shown  that  if  a chemical  separation  is 
effected  at  a considerable  length  of  time  after  onset  of  growth,  the 
disintegration  rites  are  in  the  ratio  of 

Cn/Cr*»Xi>/(Vj)— Xr), 

where  the  subscripts  P and  D refer  to  parent  and  daughter,  and 
the  X’s  are  the  decay  constants.  For  the  65-day  Zr**  and  the  55- 
day  Nb**,  this  ratio  is  2.16*0.2.  In  the  pretest  investigation  the 
ratio  of  the  gamma-ray  activities  was  observed  in  both  sdn dila- 
tion counters  and  Geiger  counters  and  found  to  be  2.2±0.1  con- 
firming a good  separation  if  the  gamma-radiations  of  the  parent 
and  daughter  ate  essentially  the  tame. 

“ Mayer,  Moaxkowski,  and  Nordheim,  Revs.  Modern  Phys,  25, 
315  (1952). 

“ M.  GoWhaber  and  A.  W.  Sunyar.  Phya.  Rev.  83,  906  (1951). 

14  A.  M.  Feingoid,  Revs.  Modern  Phys.  23, 10  (1951). 
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trum  may  be  once  forbidden  (Aj  ■=»  0,  dbl,  yesl)  or 
/-forbidden  (£/'«■  1,  nol,  A/=  2).  According  to  the  former 
classification,  the  excited  level  at  0.7.>±0.02  Mev  in 
the  residual  nucleus  Nb44,  could  have  the  orbital  put, 

v,  or  fy*.  Were  it  either  of  the  first  two  values,  a 
relatively  intense  gamma-ray  of  energy  ~0.5  Mev 
would  be  expected  to  appear  among  the  radiations  cf 
Zr*4,  emitted  in  the  transition  between  the  level  at 
0.73±0.02  Mev  and  the  0.21-Mev  metastable  level  of 
the  90-hr  Nb*4  (see  Fig.  4).  Only  in  the  case  of  fvr~*g*/t 
does  the  probability  of  a transition  to  the  ground  state 
of  Nb44  exceed  that  of  a transition  to  the  mctastable 
level  (Ji/r-*pu t).  Since  no  gamma-radiation  at  0.5  Mev 
is  observed,  the  most  likely  of  the  three  orbitals  associ- 
ated with  the  assumption  of  a once  forbidden  transi- 
tion P fvt- 

If  an  »'  forbidden  beta-transition  is  assumed,  the 
orbital  assignment  of  the  0.73 ±0.02  Mev  level  is 
uniquely  gyt.  The  transition  gvt—*g*/i  is,  of  course,  far 
more  probable  than  gvr+Pm-  Since  the  /T/*  shell 
doses  at  2?  -••-.Icons,  the  gyt  subshell,  closing  at  58 
nudeons,  l.  favored. 

From  shell  modd  considerations  and  th*  conversion 


Fig.  4.  Disintegration  scheme  of  Zr**— Nb*‘. 


coefficients  of  the  n 7*±u.uz  Mev  gamma-ray  of  Nb*4, 
it  has  been  previously  shown14  that  the  decay  of  Nb44 
to  M 44  can  be  characterised  by  g*,j— 

“ C.  Y.  Fan,  Phy*.  Rev.  87,  252  (1952). 
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RADIATIONS  FROM  Zr*7  AND  Nb*7  * 

DY 

C,  B.  MANDBVILLK,1  E.  SHAPIRO,1  R.  L MENDENHALL,1  K.  R.  ZUCKBR* 

AND  O.  L.  CONKLIN  1 

ABSTRACT 

Zr**0*  (isotopic  concentration  90  per  cent)  was  irradiated  by  slow  neutrons  in  the 
Oak  Ridge  pile.  The  half-period  of  the  niobium  daughter  element,  chemically  sepa- 
rated from  zirconium,  was  found  to  be  72.1  ± 0.7  min.  and  that  of  Zr*7  to  be  17.0  db 
0.2  hr.  By  aluminum  absorption  and  Feather  analysis,  maximum  beta  ray  eneriegs 
of  2.50  Mev  end  1.40  Mev  were  measured  for  parent  And  daughter  dement,  respec- 
tively. Lead  absorption  of  the  quantum  notations  oi  tne  cquiuonum  mixture 
indicated  a gamma  ray  at  0.74  Mev  as  well  as  a softer  component.  Coincidence 
absorption  yielded  a maximum  gamma  ray  energy  of  1.42  Mev.  The  beta-gamma 
coincidence  late  of  Nb"  was  constant,  independent  of  the  beta  ray  energy  and  of 
•■rrc  reeg^itude  as  to  suggest  that  each  beta  ray  is  followed  on  the  average  by  0.7 
Mev  of  gamma  ray  energy.  The  beta-gamma  coincidence  rate  of  the  equilibrium 
mixture  showed  that  the  hard  beta  rays  of  Zr*1  proceed  directly  to  the  metastable 
state  of  Nb**.  Very  few  beta  rays  of  Zr*1  are  in  immediate  coincidence  with  any 
ganuna  radiation. 

INTRODUCTION 

The  properties  of  the  17-hr.  Zr97  and  of  its  daughter  element,  the 
70-min.  Nb,T,  have  already  been  the  subject  of  considerable  investiga- 
tion (1-5).*  Absorption  techniques  have  been  employed  to  show  that 
the  beta  rays  of  Zr*7  have  a maximum  energy  of  2.2  Mev  and  those  of 
Nb*7  a maximum  energy  of  1.4  Mev  (3).  The  gamma  rays  of  either 
isotope  were  measured  by  lead  absorption  to  be  approximately  0.8 
Mev  (3),  and  it  was  concluded  that  in  the  case  of  both  actitivies,  each 
beta  ray  is  accompanied  on  the  average  by  one  gamma  ray.  Subse- 
quent spectrometric  measurements  (5)  have  yielded  beta  ray  energies 
of  1.91  rfc  0.02  Mev  and  1.267  ± 0.02  Mev  and  gamma  ray  energies  of 
0.747  d=  0.005  Mev  for  Zr*7  and  0.665  ri=  0.005  Mev  for  Nb*7.  The 
gamma  ray  at  0.747  ± 0.005  Mev  was  shown  to  be  emitted  from  an 
isomeric  level  in  Nb*7  of  half  period  60  sec.  (S)-„ 

In  the  present  investigation,  Zr**Oi  (isotopic  concentration  90  per 
cent  in  Zr"),  obtained  from  the  Y-12  plant,  Carbide  and  Carbon  Chemi- 
cals Division,  Union  Carbide  and  Cartxjn  Corportion,  Oak  Ridge, Ten- 
nessee, was  irradiated  by  slow  neutrons  in  the  Oak  Ridge  pile.  The 

* Assisted  by  the  joint  program  of  the  ONR  and  the  AEC. 

1 Bartol  Research  Foundation  of  The  Franklin  Institute,  Swarthmore,  Pa, 

* Frankford  Arsenal,  Philadelphia,  Pa. 

The  boldface  numbers  in  parentheses  refer  to  the  references  appended  to  this  paper. 
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radioactive  materials  were  received  within  twenty-four  hours  after 
cessation  of  irradiation  and  chemical  separations  were  immediately  com- 
menced. 


The  slow  neutron  irradiated  zirconium  dioxide  waa  dissolved  by 
potassium  pyrosulfate  fusion.  The  separation  of  the  niobium  daughter 
activity  from  zirconium  was  effected  by  the  use  of  Steinberg’s  “oxalate” 
orocedure  (6).  A crystalline  precipitate,  presumably  potassium  acid 
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oxalate,  formed  on  addition  of  excess  oxalic  acid  to  the  aqueous  solution 
of  the  fusion  mixture.  An  assay,  made  after  centrifugation,  showed 
that  most  of  the  activity  rema:ned  in  solution.  The  centrifugate  was 
poured  off  and  retained.  The  activity  carried  with  the  precipitate  was 


recovered  by  dissolving  the  precipitate  in  hot  water,  recrystallmng  it 
from  cold  water,  centrifuging,  and  combining  the  centrifugates.  The 
separation  outlined  above  was  carried  out  on  several  successive  oc- 
casions to  supply  fresh  sources  of  Nb*7. 
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Nb'7 

The  decay  of  Nb’7,  freshly  separated  from  its  parent  element,  was 
followed  for  ten  half-periods,  and  the  half-period,  taken  from  the  slope 
of  the  decay  curve  was  found  to  be  72.1  db  0.7  min.  This  value  is  to  be 
compared  with  previously  reported  values  of  68  min.  (7)  and  75  min. 
(2).  These  decay  curves  are  shown  in  Fig.  1.  The  72-min.  activity  is 
present  along  with  a trace  of  the  17-hr.  Zr,T  and  other  unidentified  im- 
purities of  longer  half-periods. 

The  beta  rays  of  Nb”,  freshly  separated  from  its  parent  element, 
were  absorbed  in  aluminum  as  shown  in  Fig.  2.  The  points  of  this  curve 
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Mg/CM*- ALUMINUM 

Fio.  3.  Beta-gamma  coincidence  rate  of  Nb*7  ai  a function  of  the  surface  density 
of  aluminum  placed  before  the  beta  ray  counter. 

were  corrected  for  radioactive  decay  of  the  short  lived  activity  during 
the  course  of  the  measurements.  A Feather  plot  (8)  of  these  data,  also 
shown  in  Fig.  2,  gave  a maximum  beta  ray  energy  of  1.40  Mev,  in 
agreement  with  the  earlier  measurements. 

A third  source  of  Nb”  was  prepared  to  obtain  the  beta-gamma 
coincidence  rate  of  Fig.  3.  It  is  seen  to  be  constant,  independent  of 
the  beta  ray  energy,  suggesting  that  the  beta  ray  spectrum  of  Fig.  2 is 
a simple  one.  Calibration  of  the  beta-gamma  coincidence  counting 
arrangement  by  the  beta-gamma  coincidence  rate  of  Sc4t  showed  that 
each  beta  ray  of  Nb”  is  followed,  on  the  average,  by  0.7  Mev  of  gamma 
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ray  energy.  Each  point  of  Fig.  3 was,  of  course,  properly  corrected  for 
decay  of  the  source. 

Zr" 

The  radioactive  decay  of  Zr,7-Nb,:  was  followed  for  ~200  hr.  and 
the  resulting  half-period  for  the  parent  element,  Zr*7,  was  calculated  to 
be  17.0  =fc  0.2  hr.,  in  agreement  with  earlier  measurements  (2,3).  The 
decay  curve  of  the  equilibrium  mixture  of  the  two  radio-elements  is 
shown  in  Fig.  4.  The  17-hr.  period  is  seen  to  be  present  along  with  some 
relatively  iong  period  impurities  which  were  not  identified. 


INCURS 

Fig.  4.  Decay  of  the  17-hr.  Zr*’. 

I The  beta  rays  of  the  equilibrium  mixture  of  the  two  activities  was 

! absorbed  in  aluminum.  The  assumption  was  made  that  at  zero  ab- 

sorber thickness,  half  of  the  counting  rate  could  be  assigned  to  the  beta 
rays  of  the  72-min.  Nb’7  and  half  to  Zr*7.  Assuming  this  equality  of 
I contribution  at  zero  absorber  thickness,  the  beta  spectrum  of  Nb,T  was 


I 
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subtracted  from  the  beta  spectrum  of  the  equilibrium  mixture  to  give  a 
difference  spectrum  of  maximum  energy  2. SO  Mev.  A semi-logarithmic 
plot  of  these  beta  rays  also  showed  that  a softer  spectrum  (end  point  200 
mg./cm.*)  is  also  present  in  the  decay  of  Zr»T.  These  absorption  data 
are  plotted  in  Fig.  5. 


Fig.  7.  Coincidence  absorption  of  the  secondary  electrons  of  the  gamma  rays  of  Zr’T 


The  gamma  rays  of  the  equilibrium  mixture  of  the  two  activities  was 
absorbed  in  lead  as  shown  in  Fig.  6,  and  the  quantum  energy  taken  from 
the  slope  of  the  curve  was  found  to  be  0.74  Mev.  From  the  initial 
points  of  the  curve,  it  is  evident  that  a softer  component  is  also  present. 
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To  measure  the  energy  of  the  most  energetic  gamma-ray  emitted  in 
the  decay  of  Zr*7-Nb*7,  a source  was  placed  on  an  aluminum  block  before 
two  coincident  thin-walled  G-M  tubes.  A coincidence  absorption 
curve  of  the  secondary  electrons  ejected  from  the  aluminum  block  is 
shown  in  Fig.  7.  The  end  point  of  the  distribution  corresponds,  ac- 
cording to  a previously  published  calibration  curve  (9),  to  a quantum 
energy  of  1 .42  Mev.  Since  the  beta-gamma  coincidence  rate  of  Nb*’ 
showed  that  its  beta  spectrum  is  simple  and  followed  by  about  0.7  Mev 
of  gamma  ray  energy,  and  since  the  1.42  Mev  radiation  does  not  appear 
on  the  lead  absoiption  curve  of  Fig.  6,  it  is  concluded  that  the  1.42  Mev 
quanta  are  of  low  intensity  and  are  emitted  by  Zr17,  coupled,  perhaps, 
with  the  softer  component  of  the  complex  beta  spectrum  of  Fig.  5. 

The  beta-gamma  coincidence  rate  of  Zr17  and  Nb*7  in  equilibrium  is 
snown  in  Fig.  e,  where  it  is  seen  to  decrease  rapidly  to  zero,  well  before 
the  end  point  of  the  hard  beta  spectrum  of  Zr*7  is  reached.  This  curve 
is  interpreted  to  represent  absorption  of  the  beta-gamma  coincidence 
rate  of  Fig.  3 in  the  presence  of  the  harder  beta  rays  of  Zr*7,  which  are 
not  in  immediate  coincidence  with  any  gamma  rays.  The  essential 
features  of  the  coincidence  curve  of  Fig.  8 have  been  previously  ob- 
served (5),  and  the  lack  of  coincidences  has  been  interpreted  to  show 
that  most  of  the  nuclear  beta  rays  of  Zr*7  proceed  to  the  60-sec.  isomer 
(5)  of  Nb*7.  The  measurements  of  this  paper  confirm  this  analysis. 

conclusions 

The  absorption  and  coincidence  data  of  the  preceding  sections, 
combined  with  those  of  the  earlier  measurements  (1—5),  give  the  dis- 
integration scheme  of  Fig.  9. 
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Gamma-Rays  from  Snmf 

C.  E,  Makdevol*,  E.  Shaiixo,  R.  I.  Mendenhall,  E R.  Zcckee,*  and  G.  L.  Conklin 
Bartel  Rutank  Foundation  of  tin  F-unBin  Institute,  Swart  km  ore,  Pennsylvania 
(R«*eived  June  23,  l‘>52) 

An  Inner  beUnpectnim  at  ~0.5  Mev,  coincident  with  gamma-radiation,  constitutes  10±2  percent  of 
the  total  beta-radiation  of  the  10-day  fin-*.  The  gamma-raya  have  a maximum  energy  of  1.67±0.10  Mev. 


THE  ten-day  activity  in  tin  has  been  assigned1  to 
Sn15*.  Spectrometric  measurements*  have  yielded 
maximum  beta-ray  energies  of  2.37d?C.02  Mev  and 
O.f*' 4=0.0t  Mev.  The  spectrum  of  lower  energy  was 
estimated  to  contain  five  percent  of  the  total  beta- 
radiaticn.  A search  was  made  for  the  gamma-ridiation 
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group,  but  because  of  low  intensity,  none  was  detected 
by  the  spectrometric  method.  It  was  mentioned, 
however,  that  absorption  measurements  in  lead  indi- 
cated the  “possible  presence”  of  a gamma-ray  at  1.5 
Mev. 

During  the  post  four  years,  four  different  quantities 
of  metallic  tin,  two  iso  topically  concentrated  in  Snw 
and  two  of  naturally  occurring  tin,  have  been  irradiated 
in  the  Oak  Ridge  pile.*  The  following  chemical  procedure 


t Aviated  by  the  jotatprocnm  of  the ONR and  AEC. 

* Fnuokford  Arsenal,  FhOaodphia,  Pennsylvania. 

1 J.  C.  Lee  and  M.  L.  Pool,  Fhya.  Rev.  76,  606  (1949). 

«?_  w.  Hayward,  Phys.  Rev.  79,  409  (1950). 

*L»otopkally  concentrated  Snm  supplied  by  Y-12  Research 
Labueatory,  Carbide  and  Carbon  Chomicalt  Division,  Union 
Carbide  and  Carbon  Corporation,  Oak  Ridge,  Tennessee. 


na»  Deer ; followed.  Irradiated  metallic  tin  was  dissolved 
in  HC1  and  carrier  Sb  and  Te  solutions  were  added 
Metallic  Te  precipitated  at  once,  and  Sb  was  precipi- 
tated as  a metal  by  addition  of  powdered  Fe  to  the  hot 
<LY— HC1  solution.  Sn  and  some  Fe  were  precipitated 
from  the  filtrate  by  addition  of  metallic  zinc.  This 
precipitate  dUm,i  Ly  IIC1,  oxidized  -dth  H/\, 
and  Sn  and  Fe  were  separated  by  addition  of  NaOH 
to  exceai  to  form  soluble  Na*SnO»  and  insoluble 
Fe(OH)s.  Th  i filtrate  was  acidified  with  HC1,  then 
made  slightly  uiunoniacal,  precipitating  SnCVxHiO 
which  was  ignited  to  SnOs. 

A gamma-ray  at  1.7  Mev  was  noted  in  the  tin  fraction 
in  1948  but  was  dismissed  as  the  intense  hard  gamma- 
ray  of  Sir*.  More  recently  this  gamma-ray  has  been 
observed  in  a coincidence  absorption  counting  arrange- 
ment, and  the  quantum  energy  has  been  measured  as 
1.67:4:0.10  Mev.  This  coincidence  absorption  curve 
(Fig.  1)  of  the  secondary  electrons  of  the  gamma-ray 
was  observed  repeatedly  for  forty  days,  and  the  ordinate 
values  were  observed  to  decay  with  a half-life  of  ten 
days. 

A source  of  the  ten-day  tin  was  placed  in  a beta- 
gamma  coincidence  counting  arrangement,  and  beta- 
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gamma  coincidences  were  measured  as  a function  of 
aluminum  absorber  thickness  before  the  beta-ray 
counter.  The  data  are  shown  in  Fig.  2 where  the  beta- 
gamma  coincidence  rate  is  seen  to  decrease  to  zero  at 
180  mg/cm*  of  aluminum,  indicating  an  inner  beta-ray 
group  at  ~0.5  Mev.  These  beta-gamma  coincidences 
were  observed  to  decay  over  a period  of  40  days  with 
the  10-day  period.  On  calibration  of  the  beta-gamma 
coincidence  counting  arrangement  with  the  beta- 
gamma  coincidence  rate  of  Sc4*,  the  beta-gamma  coinci- 
dence rate  of  Fig.  1 indicated,  on  extrapolation  to  zero 
absorber  thickness,  that  the  gamma-ray  at  1.67  Mev 
is  coincident  with  10±2  percent  of  the  beta-rays  of  the 
10-day  Sn1M. 

The  15-day  SnUT",  a possible  contaminant,  has  been 
observed  to  decay  with  the  emission  of  y-rays  at  139 
kev  and  162  kev  in  cascade,  and  y— e~  coincidences 
have  been  noted.4  In  the  present  measurements,  suffi- 


4 J.  W.  Mihelkh  and  R.  D.  Hill,  Phyv  Rev.  79,  781  (1950). 
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cicnt  I fin  i was  placed  before  the  gamma-ray  counter 
to  reduce  the  intensity  of  a gamma-ray  of  energy  160 
kev  by  a factor  of  four.  However,  the  beta-gamma 
coincidence  rate  of  Fig  2 remained  unchanged,  further 
confirmation  of  the  assignment  of  the  coincidences  to 
Sn1M. 

Measurements  by  Boyd  and  associates4  at  Oak  Kidge, 
employing  a scintillation  spectrometer,  yield  a quantum 
energy  of  ~1.9  Mev  for  this  gamma-ray. 
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Note  added  in  proof. — The  orbital  of  the  60-day  level  in  Te“*  is 
k\\u.  The  beta-spectrum  of  Sb“*  terminating  at  that  level  obeys 
the  selection  rule  A/  **  2,  yes !,  tug&  a ting  that  the  ground  state  of 
Sb*~  is  gut.  Since  the  2.4-Mev  spectrum  of  $nm  Ts  of  the  form* 
AI  - 2,  yes  1,  an  orbital  of  *!U.  is  predicted  for  the  ground  state 
of  Sn“*.  For  the  inner  spectrum  of  Sn“*,  log  ft  is  7.2  (A/—0, 
1,  yes !).  No  satisfactory  orbital  assignment  appears  to  be  avail- 
able for  the  1.67-Mev  level  in  Sb11,  suggesting  excitation  of  the 
nuclear  core  *o  that  the  single  particle  model  breaks  down,  or 
that  the  harder  beta-spectrum  leads  to  a metastable  level  in  Sbm 
rather  than  to  the  ground  state. 


* Nuclear  Data,  National  Bureau  of  Standards  Supplement  2 to 
Circular  499  (1951). 
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